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An efficient screening method was developed and used to identify bean lines resistant to 
Rhizoctonia Root Rot caused by Rhizoctonia solani Kuhn. Two sets of 163 and 111 lines 
previously evaluated for drought tolerance at Mitchell, NE and Isabela, PR were 
evaluated for Rhizoctonia Root Rot resistance under greenhouse conditions. This root rot 
data was also correlated with yield under drought stress and non stress conditions. In the 
first set of lines the rhizoctonia mean score ranged from 1.7 to 3.9; and in the second set 
the rhizoctonia mean score was between 2.6 and 5.7. There was no significant correlation 
between drought tolerance and Rhizoctonia Root Rot resistance, but there were drought 
tolerant lines that also had Rhizoctonia Root Rot resistance. Lines with both traits can be 
used as parents in breeding programs looking for improvement of both drought tolerance 
and Rhizoctonia Root Rot resistance in dry beans.  
 
A new source of resistance of Common Bean Rust from the tertiary gene pool of 
common beans was mapped. Two linkage maps from RILs of a reciprocal interspecific 
  
cross between Phaseolus acutifolius (G40022) and Phaseolus parvifolius(G40186) (AP 
and PA RIL population) were constructed. A total cumulative map length for the AP 
population was 746 cM, with an average chromosome length of 62.2 cM and an average 
distance between markers of 11.3 cM. In the PA RIL population, the total cumulative 
map length was 920.8 cM, with an average chromosome length of 61.4 cM; and the 
average distance between markers distributed in this map was 11.3 cM. The QTL 
analyses revealed a putative QTL located on the linkage group LG5 of the AP RIL 
population was located at 67.7 cM, and it had a LOD 20.1. More molecular markers are 
needed to saturate the map and be able to identify a marker at least at 5 cM from the 
QTL.    
 
 
 
 
 
 
 
iii 
 
 
 
DEDICATION 
 
To my beloved family, whose support, friendship and love have leaded me here today. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iv 
 
 
 
ACKNOWLEDGMENTS 
 
I want to express my most sincere thanks to my adviser Dr. Carlos Urrea who gave me 
the opportunity of being part of the UNL community and to grow in my professional 
carrer. I am deeply thankful for his support, guidance and for sharing his knowledge with 
me. I am more than grateful with Dr. James R. Steadman for supporting me here during 
the past two years and for being such a wonderful mentor from whom I have learned so 
much. I would also like to thank Dr. Bob Harveson and Dr. Stephen Baenziger for their 
guidance and advice. I also thank Dr. Steadman’s laboratory staff: Serena, Becky, Lisa, 
Graciela, Karina, Jordan, and Dr. Urrea’s staff: John, Misty, Leo, Nicole and Fredy; and 
to my friends Carlos Jara and Eduardo Tovar who gave me their advice in critical 
moments of the development of this thesis. My special thanks to Dr. Kent Eskridge for 
his collaboration and advice on the experimental design and statistical analysis of chapter 
one; to Dr. Ismail Dweikat and his graduate students Malle and Lekgari for his support 
and guidance on the development of chapter two, to Dr. Jim Beaver, Dr. Mathew Blair 
and Dr. Tim Porch and special thanks to Margaret, Joan, Mary Jo and Marlene, to the 
department of Plant Pathology, the department of Agronomy and the University of 
Nebraska-Lincoln. Finally I really appreciate the support and friendship of my fellow 
graduate students Jessie, Leny, Jorge and John; to my family, and to my closest friends 
Maria, Alexa and Giaco who were there for me during the progress of my research and 
the writing of this thesis.  
 
v 
 
 
 
TABLE OF CONTENTS 
GENERAL ABSTRACT………………………………………………………………….ii 
DEDICATION ................................................................................................................... iii 
ACKNOWLEDGMENTS ................................................................................................. iv 
TABLE OF CONTENTS .................................................................................................... v 
LIST OF TABLES ............................................................................................................ vii 
LIST OF FIGURES ............................................................................................................ x 
LIST OF APPENDIX ....................................................................................................... xii 
LITERATURE REVIEW ................................................................................................... 1 
1. Common Bean ......................................................................................................... 1 
2. Root rots of common beans ..................................................................................... 5 
3. Drought tolerance..................................................................................................... 9 
4. Rust of Dry Bean ................................................................................................... 11 
5. Marker assisted selection in dry beans................................................................... 14 
LITERATURE CITED ................................................................................................. 19 
CHAPTER ONE ............................................................................................................... 29 
Identification of Sources of Rhizoctonia Root Rot Resistance in Common Bean ........... 29 
ABSTRACT ...................................................................................................................... 30 
INTRODUCTION ......................................................................................................... 31 
vi 
 
 
 
MATERIALS AND METHODS .................................................................................. 35 
RESULTS...................................................................................................................... 40 
DISCUSSION ............................................................................................................... 46 
LITERATURE CITED……………………………………………………………..…53 
CHAPTER 2 ..................................................................................................................... 87 
Mapping a New Source of Resistance of Common Bean Rust from the Tertiary Gene 
Pool of Common Bean ...................................................................................................... 87 
INTRODUCTION ......................................................................................................... 89 
MATERIALS AND METHODS .................................................................................. 93 
RESULTS.................................................................................................................... 100 
DISCUSSION ............................................................................................................. 105 
LITERATURE CITED ............................................................................................... 109 
 
 
 
 
 
 
 
 
vii 
 
 
 
LIST OF TABLES 
 
CHAPTER ONE 
 
Table 1. Analysis of variance of split split plot design on five varieties of Phaseolus 
vulgaris inoculated with three isolates of Rhizoctonia solani in two different 
environments. .................................................................................................................... 59 
Table 2. Rhizoctonia Root Rot mean scores of four replications from the NE-08 set (163 
entries) of beans. ............................................................................................................... 60 
Table 3. Analysis of variance of the alpha lattice design for 164 entries/treatments, 
organized in 41 incomplete blocks, of the nursery entries from NE-08. .......................... 63 
Table 4. Contrast estimate between replication 1, 2 and 3,4 of the alpha lattice design of 
the nursery entries from NE-08......................................................................................... 63 
Table 5. Sources of partial resistance to Rhizoctonia Root Rot from the NE-08 entries. 
Species, country, origin, growth habit, seed color resistance to diseases or tolerance to 
abiotic stress; rhizoctonia mean score; and rhizoctonia mean score confirmation test for 
resistance. .......................................................................................................................... 64 
Table 6. Correlation between Rhizoctonia Root Rot and drought tolerance for all the 
entries of the NE-08. Pearson’s correlation coefficients, N=162. Prob>|r| under 
H0:Rho=0. ......................................................................................................................... 66 
Table 7. Correlation between Rhizoctonia Root Rot and drought tolerance according to 
cultivars, experimental lines, tepary beans and entries from the NPGS of the NE-08 set. 
Pearson’s correlation coefficients, N=23. Prob>|r| under H0:Rho=0. .............................. 67 
viii 
 
 
 
Table 8. Entries from the NE-08 selected for partial resistance of Rhizoctonia Root Rot 
and drought tolerance (Yield Kg ha-1). ............................................................................. 68 
Table 9. Rhizoctonia Root Rot mean score of four replications from the NE-14 set (112 
entries of common beans) ................................................................................................. 69 
Table 10. Analysis of variance of the alpha lattice design for 112 entries/treatments, 
organized in 28 incomplete blocks, of the nursery NE-14................................................ 72 
Table 11. Sources of partial resistance to Rhizoctonia Root Rot from the shuttle breeding 
program between Puerto Rico and Nebraska. NE-14 set of entries. ................................. 73 
Table 12. Correlation between Rhizoctonia Root Rot and drought tolerance for all the 
entries of the NE-14. Pearson’s correlation coefficients. Prob>|r| under H0:Rho=0. ....... 75 
Table 13. Correlation between Rhizoctonia Root Rot and drought tolerance for all the 
entries of the NE-14 according to pedigree. Pearson’s correlation coefficients. Prob>|r| 
under H0:Rho=0. .............................................................................................................. 76 
Table 14. Entries from the NE-14 set selected for partial resistance of Rhizoctonia Root 
Rot and drought tolerance (Yield Kg ha-1). ...................................................................... 78 
 
CHAPTER TWO 
 
Table 1. Number of primers evaluated on parents G40022 and G40186, and on RILs 
progeny of reciprocal crosses due to polymorphism; total number of amplified bands in 
progeny; and number and percentage of distorted markers on the progeny of G40022 x 
G40186 (AP) and G40186 x G40022 (PA) for three different molecular DNA markers 
(SSR, SRAP, AFLP)……………………..…………………………………………….115  
ix 
 
 
 
Table 2. Primer sequence* of SRAP markers analyzed in parents G40022 (P. acutifolius) 
and G40186 (P. parvifolius)……………………………………………………………116 
Table 3. Code for SRAP primer combinations used in parentals G40022 (P. acutifolius) 
and G40186 (P. parvifolius)……………………………………………………………117 
Table 4. Properties of microsatellites* amplified in 75 RILs from G40022 x G40186 and 
73 RILs from its reciprocal cross, Chi-squared test performed for 1:1 expected 
segregation, location of marker on P. vulgaris map and accession number in 
GeneBank……………………………………………………………………………….118 
Table 5. Properties of SRAPs amplified in 75 RILs from G40022 x G40186 and 73 RILs 
from its reciprocal cross, Chi-squared test performed for 1:1 expected 
segregation……………………………………………………………………………...122 
Table 6. Properties of AFLPs amplified in 75 RILs from G40022 x G40186 and 73 RILs 
from its reciprocal cross, Chi-squared test performed for 1:1 expected 
segregation……………………………………………………………………………...125 
Table 7.  Linkage groups (LG) for  G40022xG40183 (AP) RIL population using SSRs, 
SRAPs and AFLPs. LOD 3.0, maximum distance 37.2……………………………......128 
Table 8. Linkage groups (LG) for  G40186xG40022 (PA) RIL population using SSRs, 
SRAPs and AFLPs. LOD 3.0, maximum distance 37.2……………………………......130 
 
 
 
x 
 
 
 
LIST OF FIGURES 
CHAPTER ONE 
Figure 1. Rhizoctonia Root Rot screening scale for common bean based on CIAT scale 
(Schooven and Pastor-Corrales, 1987) ............................................................................. 80 
Figure 2. Interaction plot between five varieties of disease rating score (estimate) of 
Phaseolus vulgaris inoculated with three isolates of Rhizoctonia solani in two 
environments (locations). Upper: Greenhouse 26°C, Lower: Incubator 19°C. ................ 82 
Figure 3. Interaction plot between five varieties of disease rating score (estimate) of 
Phaseolus vulgaris inoculated with three isolates of Rhizoctonia solani using the means 
of both environments (locations: Greenhouse 26°C, incubator 19°C). ............................ 83 
Figure 4. Interaction plot of three isolates of disease rating score (estimate) of R. solani 
inoculated in five bean varieties, of both environments (locations: Greenhouse 26°C, 
incubator 19°C). ................................................................................................................ 84 
 
CHAPTER TWO 
 
Figure 1. Linkage map for  G40022xG40183 (AP) RIL population using SSRs, SRAPs 
and AFLPs. LOD 3.0, maximum distance 37.2………………………………………...133 
Figure 2. Linkage map of  G40022xG40183 (PA) RIL population using SSRs, SRAPs 
and AFLPs. LOD 3.0, maximum distance 37.2……………………………………….,134 
Figure 3. QTL analysis for each linkage group of G40022xG40183 (AP) RIL population 
map, constructed with SSRs, SRAPs and AFLPs. LOD score threshold set at 19.1. (LR 
xi 
 
 
 
87.8) by 1000 permutations. X axis represent distance in cM and Y axis represent the 
LOD score………………………………………………………………………………135 
Figure 4. QTL analysis for each linkage group of G40183 x G40022 (PA) RIL population 
map constructed with SSRs, SRAPs and AFLPs. LOD score threshold set at 22.5. (LR 
103.8) by 1000 permutations. X axis represent distance in cM and Y axis represent the 
LOD score………………………………………………………………………………137 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xii 
 
 
 
LIST OF APPENDIX 
 
CHAPTER ONE 
 
A1. Rhizoctonia Root Rot Screening Protocol for Dry Beans…………………………...86 
 
CHAPTER TWO 
 
TABLE A1. Rust evaluation of the RIL population G40022 x G40186 with rust race 
DR07-1-4. (Data provided by Venegas, 2008)…………………………………….…...139 
Table A2.  Rust evaluation of the RIL population G40186 x G40022 with rust race 
DR07-1-4. (Data provided by Venegas, 2008)…………………………………………142 
1 
 
 
 
LITERATURE REVIEW 
 
1. Common Bean 
 
The most important economic species of the genus Phaseolus sp is the common bean (P. 
vulgaris L.) which is widely grown and arguably the most important grain legume for 
direct human consumption in the world.  It has evolved from wild species distributed in 
the Andean and Middle Americas to a domesticated worldwide food crop. Presently, it is 
the centerpiece of more than 300 million people’s daily diet (CIAT 2007).   
 
It’s been over 7000 years since domestication of beans started and became a major 
leguminous food crop. Due to evolutionary forces like migration, genetic drift, mutation 
and natural selection, there are over 50 species of the genus Phaseolus, all native from 
the Americas. However, only five of them have been domesticated: P. vulgaris L. (dry 
bean), P. lunatus L. (lima bean), P. acutifolius A. Gray (tepary bean), P. coccineus L. 
(runner bean), P. polyanthus Greenman. Among these, Phaseolus vulgaris L., has been 
the most representative and cultivated of the genus (Islam et al., 2002). 
 
For several centuries it was thought that common beans had an Asian origin. However, 
thanks to archeological, historical, botanical and linguistic data from Wittmack and other 
researchers, it was discovered that dry bean has two centers of origins: Andean South 
America and Mesoamerica. The first and oldest dates from 10000 to 8000 BP and the 
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second one dates from 6000 BP in Middle America (Schoonhoven et al., 1991).  After 
domestication it was introduced to different parts of the world; in the 1900’s a great 
diversity of beans was introduced to Africa; in 1506 after the discovery of the Americas, 
it was introduced to Spain and Portugal from Central America. Then, in 1532 accessions 
from Andes were introduced to Europe (Ocampo et al., 2005). Ever since, dry bean has 
been cultivated all around the world. 
 
Currently, dry bean is distributed worldwide; annual production exceeds 12 million MT, 
from which 7 million MT are produced in Latin America and Africa (CIAT, 2007). It is 
cultivated in the tropics, subtropics and temperate zones, from sea level to 3000 masl in 
monoculture, associations, rotations or inter-planting among fruit trees and coffee before 
the main crop produces income. Furthermore, because of its high protein content, amount 
of fiber, complex carbohydrates, vitamins and minerals, dry bean has been described as 
the ”Nearly perfect food” (CIAT, 2007).  In addition, there is a special interest in dry 
bean for pregnant women because it provides at least 50 % of the US Department of 
Agriculture recommended dietary allowance of folic acid, 25 to 30% of the 
recommended levels of iron and 25% of the zinc and potassium.   It is also used as a folk 
medicine for acne, heart, kidney, and dysentery, among other aliments (Purdue 
University, 2007). Dry bean has a low glycemic index which makes it an excellent food 
to reduce or avoid the development of hyperinsulinemia, insulin resistance and type 2 
diabetes mellitus compared to other grains and legumes that have a high glycemic index. 
Moreover, several studies have shown the effect of bean phytonutrients such as protease 
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inhibitors, phytic acid, saponines and even the same low gycemic index to have 
anticarcinogenic properties (Bennink, 2010). 
 
The cultivated forms of dry beans vary in agronomic, morphological, adaptive, and many 
other traits. Some of the traits have been improved for years with the aim to produce 
more and better food at lower cost. Improvement of yield has been achieved through 
control pests and diseases, tolerance to abiotic stress like drought and low soil fertility, 
expanding the adaptation range of beans, breeding for seed yield and genetic 
improvement for food quality (Singh, 1999).  
 
Excellent sources for improvement of some traits of interest may come from the 
secondary and tertiary gene pool of P. vulgaris. Tepary bean is a cultivated species that is 
highly adapted to hot arid climates and higher yields can be achieved in heat stressed 
environments compared to dry bean (Rainey and Griffiths, 2005; Scully and Waines, 
1988; Miklas et al., 1994). High levels of resistance to ashy stem blight and Fusarium 
wilt (Miklas et al., 1998), drought (Federici et al., 1990), Common Bacterial Blight 
(Schuster et al., 1983; Urrea et al., 1999), some resistance to bean golden yellow mosaic 
virus and incomplete dominance for rust resistance (Miklas and Stavely, 1998), have also 
been reported. All these traits make tepary bean a potential donor to improve dry bean.  
 
P. acutifolius, is native to southwestern US and northeastern Mexico where it was first 
domesticated.  Since it belongs to the tertiary gene pool of P. vulgaris, gene exchange is 
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hard to achieve. There are different degrees of incompatibility which can result in stunted 
growth, pale-green to virescent foliage, semilethal chlorosis and death of stunted plants. 
For instance, Parker and Michaels (1986) found the interaction of a single dominant gene 
in some cultivars of P. vulgaris with a different complementary one on the P. acutifolius 
genome resulted in sublethal stunted F1 hybrids. However, some cultivars like ICA Pijao 
and Sacramento do not carry these dominant alleles and produce normal and vigorous 
hybrids when crossed with P. acutifolius lines (Singh, 1999).  Due to these genetic 
barriers or incompatibilities, different breeding methods and strategies have been 
developed to introgress them into P. vulgaris cultivars. For instance, F1 hybrids of these 
two species must undergo embryo rescue two or three weeks after pollination (Andrade-
Aguilar and Jackson, 1983; Mejia-Jimenez et al., 1994; Rainey and Griffiths, 2005). 
Besides, interspecific hybrids are male sterile, therefore several backcrosses to the 
recurrent parent and in some cases congruity backcrosses are needed to recover the 
fertility and a larger number of hybrid progenies (Mejia-Jimenez et al., 1994).  
Percentage of introgression success has also been reported to be larger when using 
congruity backcrossing than in recurrent systems (Muñoz et al., 2004). 
 
Gene characterizations and linkage to selectable markers are efficient tools to identify 
traits of interest. Several studies have been conducted to identify these traits not only in 
different germplasm of P. vulgaris but also in germplasm from the secondary and tertiary 
gene pools of beans. For instance, different populations have been developed when 
crossing species closely related to P. acutifolius such as P. parvifolius to achieve 
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appropriate levels of polymorphism for mapping (Blair et al., 2003), facilitating the 
identification of these traits.   
 
2. Root rots of common beans 
 
Root rots are widely distributed around the world and are economically important 
diseases in common beans (Abawi, 1989). The contribution of factors such as continuous 
bean production or improper crop rotation, poor drainage, low soil organic matter and 
soil compactation, favor the development of root rot diseases (Tu, 1992). Root rot 
severity and incidence varies according to environmental and soil conditions as well as 
the number and type of root rot pathogens present under given conditions. Moreover, root 
diseases indirectly affect the uptake and use efficiency of nutrients (Abawi, 1989), and 
make plants more susceptible to stress factors such as drought, temperature extemes and 
other biological stresses. 
 
Plant pathogenic fungi are the largest group of agents causing root rots. The most 
economically important are Fusarium solani f. sp. phaseoli, Fusarium oxysporum f. sp. 
phaseoli, Rhizoctonia solani, Macrophomina phaseolina, Sclerotium rolfsii, Pythium 
spp., Thielaviopsis basicola and Aphanomyce spp. Likewise there are some plant parasitic 
nematodes like Meloidogyne spp. and Pratylenchus spp. that may cause considerable 
yield and economic losses. The infection of these soilborne pathogens may result in 
different symptoms and their severity will depend not only on the presence of the 
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appropriate environmental conditions but also in the synergistic interaction among these 
pathogens (Singh, 2009).  
 
For instance, in some places like Nebraska the dry bean root disease complex includes 
diseases caused by Fusarium oxysporum f. sp. phaseoli, Rhizoctonia solani and  Pythium 
spp (Harveson et al., 2005) resulting in higher disease severity than single pathogen 
causing root rot and in some cases it results in more economic losses. Moreover, bean 
root rots may be more serious and severe in some than in other regions. For instance, 
Charcoal Rot caused by Macrophomina phaseolina and Fusarium yellows caused by 
Fusarium oxysporum f. sp. phaseoli can be very severe in regions like the northeast of 
Brazil due to the presence of dry warm soils; while pathogens such as Fusarium solani f. 
sp. phaseoli has caused severe losses in the states of Nebraska, New York, Idaho and 
Colorado.  
 
Rhizoctonia solani Kuhn is an important plant pathogen that can cause severe economic 
losses in a wide host range which may include potato, maize, sugar beet, cotton and dry 
bean. Depending on which stage of this pathogen is active, it may cause different 
symptoms and diseases. The anamorph stage causes damping off, root rot, crown blights 
and fruit rots. However, it causes leaf blights such as Web Blight when it is in its 
teleomorph stage and when it has the right environmental conditions. In beans, it is one 
of the most economically important root and hypocotyl disease in the world (Sikora, 
2004). 
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Rhizoctonia Root Rot occurs mostly in young bean plants; causing partial or complete 
hypocotyl girdling during seedling germination and emergence. Lesions on hypocotyls 
and roots start as small, elongate, sunken reddish brown areas that may increase on time. 
Severe infections cause plant stunting which eventually may lead to plant death. Infection 
occurs in two different ways; one is through penetration of individual hyphae on natural 
openings and wounds, while the second one occurs when infection pegs are produced 
from infection cushions penetrating the cuticle and epidermis. The pathogen survives 
between crop seasons as mycelia or sclerotia in plant debris or in the upper region of the 
soil (10 to 15 cm). The disease is more severe in moderately wet soils than dry or 
waterlogged soils. Most isolates can infect in a range of 15°C to 18°C. However, at 
temperatures below 9°C and above 21°C the lesions are substantially reduced. 
Nevertheless, some isolates can remain active at temperatures reaching 35°C.  
 
Since the Rhizoctonia complex has wide subspecies variability, it has been grouped in at 
least 15 “Anastomosis Groups” or AGs (Bolton, 2010). These were originally developed 
for taxonomic characterizations as well as population biology and genetic studies of the 
pathogen (Cubeta, 1997). The groups are based on somatic incompatibility interactions 
that can be found in genetically different individuals (Anderson, 1982). An AG results 
from the fusion of the hypha or anastomosis when pairing different isolates (Meinhardt, 
2002). No hyphal fusion indicates different AGs for paired isolates and that genetic 
distances between isolates are greater. AG relationships among R. solani isolates depend 
on the degree of interaction.   
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Four different reactions can occur when pairing different isolates. First, C0 occurs when 
there is no interaction, there are no genetic relationships between isolates, each is unique 
and they belong to different AGs. C1 occurs when there is only hyphal contact, the 
genetic relationship is distant and they could be of the same or different AG. C2 or killing 
reaction occurs when there is contact between isolates but there is a somatic 
incompatibility response because they are genetically distant individuals, however, they 
belong to the same AG. The C3 or perfect fusion indicates that the isolates are genetically 
identical clones or nearly identical and they belong to the same AG.  In dry bean, isolates 
from AG-4 and AG-2-2 cause root rot. These two AGs also cause root rot in sugar beets, 
which may increase the initial inoculum in time since sugar beets are usually rotated with 
dry bean in western Nebraska.   
  
Each AG has been divided in subgroups using molecular and biochemical techniques 
such as fatty acids, DNA based sequence homology, RFLPs of internal transcribed spacer 
(ITS), RAPDs, rDNA-ITS and SSRs (Kuramae, 2002, Sharma, 2005, Sharon, 2006). The 
AG relationships among R. solani isolates are very important for pathologists and 
breeders. There are at least 13 AGs with each one divided into subgroups, several studies 
have determined which subgroups are pathogenic on which plant species and degrees of 
aggressiveness. Proper identification of AGs and subgroups is needed to develop methods 
to control these pathogens.  
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3. Drought tolerance 
 
Moisture levels are important in physiological processes, plant development and 
susceptibility to plant pathogens (Schwartz, 2005). The stress resulting from either high 
or low levels of moisture may result in devastating consequences.  For instance, high 
levels of moisture and flooding may reduce oxygen levels in the soil, resulting in levels 
of toxic by-products from anaerobic metabolism. In addition heavy rains may leach 
important nutrients and favor root diseases. Low moisture levels also may increase the 
accumulation of toxic ions such as magnesium or boron. Also, it may influence 
photosynthetic processes inducing stomatal closure and restricting uptake of carbon 
dioxide (Trejo and Davies, 1991).  
 
In dry beans, one of the major factors limiting crop production is drought. Around 60% 
of the global production regions suffer serious drought conditions (Graham and Ranalli, 
1997) especially western U.S., northern and central highlands of Mexico, northeastern 
Brazil, Chile and costal Peru (Acosta et al., 1999, Schneider et al., 1997). Drought can 
occur in arid and semiarid regions where there is variable and often inadequate 
precipitation; additionally where irrigation is available inadequate supplies of irrigation 
water can result in severe crop losses (Cook et al., 2004).   
 
In the vegetative stage, water stress reduces plant height and leaf area; if it occurs during 
the reproductive stage, the number of pods as well as the number of seeds per pod and 
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biomass are reduced. Therefore, during severe drought stress, nodulation has been shown 
to be reduced by an average of 43% and N2 fixation also has been reduced to one sixth of 
a well irrigated control treatment (Castellanos et al., 1996).  Severe drought may also lead 
to temporary or permanent wilting, resulting in yield levels dramatically reduced by up to 
92%; (Nielsen and Nelson, 1998). Heat stress can also be associated with drought 
conditions and it plays an important role in drought tolerance. Under water stress, 
stomatal closure occurs and when high heat is present plants are unable to reduce the leaf 
temperature increase by evaporative cooling (White and Singh, 1991).Furthermore, root 
rot diseases caused by Fusarium solani f. sp. phaseoli, Macrophomina phaseolina and 
other pathogenic fungi can be favored by drought conditions aggravating the stress 
caused to the plants (Schwartz et al., 2005; Terán and Singh 2002).  
 
There have been efforts to select bean germplasm displaying drought tolerance in order to 
improve existing cultivars. Some breeding programs have focused on drought escape, 
others on breeding for drought tolerance with high and low plant water potential and even 
through selecting for adaptation to indirect effects of drought such as heat and nutrient 
deficit tolerance (White and Singh, 1991). Selection criteria have been a limiting factor to 
identify drought resistant genotypes. The only effective characteristic among various 
morphological, physiological and phenological criteria has been yield, measured as 
arithmetic and geometric mean yield under drought and non-stressed environments 
(Ramirez-Vallejo and Kelly, 1998).  
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Several genotypic differences have been reported for drought resistance in all the 
different geographic races of dry beans (Terán and Singh, 2002). In common bean the 
highest level of drought resistance occurs in the race Durango which can be expected 
since it originated in semiarid areas of the central and northern highlands of Mexico 
(Singh et al., 1991). Among the other Phaseolus species, tepary bean (P. acutifolius) has 
been reported to have the highest levels of drought resistance and it is likely to be found 
in P. parvifolius Freytag which is a closely related species is also likely to have drougth 
resistance. However, due to genetic incompatibilities, the introgression of this trait into P. 
vulgaris genotypes has been difficult to achieve (Rosas et al., 1991).    
 
Several cultivars and germplasm lines have been evaluated for drought tolerance in 
Colombia, Brazil, Africa, Mexico, Puerto Rico and USA (Terán and Singh, 2002; Urrea 
et al., 2009). These evaluations have found certain superior germplasm such as SEC, 
SEN and SER lines which are in the cream, black and small red market classes 
respectively,  from CIAT (International Center for Tropical Agriculture), that can be used 
in a breeding program to improve drought tolerance (Porch et al., 2009; Urrea et al., 
2009).   
     
4. Rust of Dry Bean 
 
Rust of Dry Bean is a disease caused by the obligate fungus Uromyces appendiculatus 
(Pers.), which causes serious economic losses around the world. It is widely distributed in 
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humid temperate, humid tropical and subtropical regions such as some countries in Latin 
America and eastern and south Africa (Stavely and Pastor-Corrales, 1989). When plants 
are infected during preflowering and flowering stages of development, yield losses can be 
more severe, often exceeding 50% of production and under certain situations yield losses 
can reach 100% (Pastor-Corrales and Steadman, 2005; Stavely and Pastor-Corrales, 
1989). Most species of the genus Phaseolus are susceptible to this pathogen, including 
tepary, lima, scarlet runner and dry bean.  
 
Among plant pathogens, one of the most variable in virulence is U. appendiculatus. Over 
300 races of this pathogen have been reported where rust occurs in the world (Jochua et 
al., 2007).  These races have been characterized according to their virulence spectrum 
using a system rating presence and size of uredia rating after inoculation of a set of 
differential cultivars and lines. Each one of these races is considered a different virulence 
phenotype of the pathogen (Pastor-Corrales and Liebenberg, 2010).   
 
This pathogenic basidiomycete has an autoecious and macrocyclic life cycle which is 
completed on the bean host. It is favored by prolonged moist periods and moderate 
temperatures between 17 and 27°C. The teliospores, which serve as overwintering 
structures, germinate to produce basidia and basidiospores. These can be dispersed by air 
and infect bean leaves producing white pustules called pycnia on the upper surface, 
which usually can be seen 6 days after  infection at 22 to 26°C . Then aecia are produced 
upon cross fertilization of pycniospores, usually on the lower surface of the leave within 
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9 to 12 days at 22 to 26°C; aeciospores develop and infect leaves and stems producing 
uredia after 8 to 10 days. These produce rusty-cinnamon brown spores called 
urediniospores which cause repeated infections during the pod fill stage. Uredioniospores 
can germinate and produce infectious hyphae or form new uredia. Eventually as a plant 
matures teliospores are produced in the uredinia continuing the life cycle (Pastor Corrales 
and Steadman, 2005; Pastor-Corrales and Liebenberg, 2010; Stavely et al., 2005). 
 
Different strategies have been used to control this pathogen including fungicide use, 
cultural practices and host resistance. However, the high cost of chemical applications as 
well as the reduced number of registered effective fungicides limit the value of this 
strategy. Cultural practices can reduce disease but are more effective in association with 
use of host resistance which is the least expensive and most effective strategy.  
 
Several sources of resistance to rust have been identified in dry beans especially from the 
Andean gene pools (Stavely and Pastor-Corrales, 1989) and different resistant breeding 
lines have been developed and released (Park et al., 2003). However, most of these 
cultivars present single genes of resistance which can be easily overcome by the 
pathogen. Breeding lines with more than two genes have been also reported (Mmbaga et 
al., 1996), but breeding strategies for rust resistance have been difficult to define for 
nonspecific resistance and mostly specific resistance to individual races have been 
achieved. These include single dominant and single recessive genes, genes with epistatic 
interactions, complementary genes, and independent genes among others (Park et al., 
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2003). Several efforts are now focused in pyramiding genes for durable resistance. An 
example of this system is a recent germplasm release with four genes for resistance to all 
known races of the rust pathogen combined with virus resistance (Pastor-Corrales et al., 
2007) 
 
The nine rust resistance genes that have been mapped on the consensus linkage map of P. 
vulgaris are Ur-3, Ur-4, Ur-5, Ur-6, Ur-7, Ur-9, Ur-11, Ur-12 and Ur-13. Other genes 
have not been named yet but they are already tagged and located in the linkage map of 
beans with some molecular markers such as SCARs or RAPDs (Kelly et al., 2003; Miklas 
et al., 2006). They all vary in their resistance spectrum, which makes it important to 
combine them in the same breeding line. It is considered that combining resistance genes 
form the Andean and the Mesoamerican gene pool could be more effective (Pastor-
Corrales and Liebenberg, 2010), especially with the assistance of molecular markers. 
These markers have become an important tool to locate these genes on the chromosomes 
and facilitate gene introgression with marker assisted selection.  
 
5. Marker assisted selection in dry beans 
 
Compared to other selfing species, common bean has a large array of genetic diversity. 
Gene pools and ecogeographic races have been established and several studies have been 
focused on determining the variability and inheritance of different agronomic traits in 
common bean (Gepts et al., 2008).  The two evolutionary lineages, Andean and 
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Mesoamerican, seem to have coevolved with certain pathogens according to some 
patterns of marker diversity and virulence of pathogens (Gepts et al., 2008).  
 
Molecular linkage maps and their integration, tagging and mapping of phenotypic traits 
have been used as a tool for introgression and germplasm conversion. Qualitative and 
quantitative traits of agronomic importance have been improved through morphological, 
biochemical and DNA-based marker assisted selection. However, integrated genetic 
improvement is perhaps one the most efficient methods for breeding beans, because it 
integrates breeding strategies and selection methods for introgression and accumulation 
of favorable alleles into cultivars from gene pools, races or wild relatives of beans. 
(Singh, 1999).   
 
Phaseolus vulgaris is a diploid species with 2n=2x=22 chromosomes, although some 
species can be 2n=2x=20. It has a haploid genome with size ranging from 588 to 637Mbp 
and low levels of duplication (McClean et al., 2002). Including data from introns, exons 
and 3’URT, the G+C content is 40.1%. Different mapping experiments have 
demonstrated that most loci have a single copy.  Moreover, some populations have been 
developed for mapping purposes. For instance, the first molecular maps were based on a 
first backcross and F2 generations (Vallejos et al., 1992). However, after some 
inconvenience associated with seed availability, recombinant inbred line (RIL) 
populations such as the BAT93 x Jalo EEP558 were developed. These are now the core 
of the mapping populations in common bean.  Out of 588 gene fragments sequenced from 
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each genotype of this population, 65% displayed single nucleotide polymorphisms 
(SNPs). These mapping populations have been created mostly from crosses across gene 
pools. For instance BAT93 is a breeding line from the Mesoamerican gene pool while 
Jalo EEP558 is a cultivar from the Andean gene pool. Interspecific crosses have been 
made to construct linkage maps for the introgression of disease resistance (Gepts et al., 
2008).   
 
In common bean, at least 25 linkage maps, most of them low density, have been 
developed with markers every 10 cM on average (Miklas et al., 2006).   Around 600 
markers have been mapped with many in the BAT93 x Jalo EEP558 mapping population 
due to the high levels of polymorphism that it has when compared to other low 
polymorphic populations. These markers include 71 using Random Fragment Length 
Polymorphism (RFLP), 161 using Ampified Fragment Length Polymorphism (AFLP), 
158 using Random Amplification of Random DNA (RAPD), 50 using Inter-Simple 
Sequence Repeat (ISSR) and 200 using Simple Sequence Repeat (SSR) (McClean et al., 
2009).  The applications of molecular markers along with sequence data play an 
important role in the discovery of genes that code for important agronomic traits and lead 
to the use of marker assisted selection. Moreover, the co-segregation of molecular 
markers with some disease resistance genes have been reported for rust, anthracnose and 
golden mosaic among others; making marker assisted selection an excellent tool to 
identify germplasm resistant to the most economically important diseases in common 
bean (McClean et al., 2009). 
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From all the different molecular markers available, most attention has been given lately 
to markers such as microsatellites or SSRs. Microsatellites present an important 
advantage over other markers in germplasm characterization and molecular genetics 
mapping for marker assisted selection (Gaitan-Solis et al., 2002).  SSRs, also known as 
simple sequence repeats, microsatellites or hypervariable sequences, are arrays of short 
tandem repeat motifs of 1 to 6 base pairs (bp) in length. These are single locus markers; 
therefore, they detect one locus at a time, making them more informative than multilocus 
DNA fingerprinting.  They are frequently and randomly distributed throughout 
eukaryotic genomes and are also highly polymorphic and conserved. Additionally they 
have mendelian inheritance and are codominant (Yu et al., 2000).  They can be isolated 
or constructed from genomic DNA libraries, cDNA libraries, from sequences found at the 
GenBank, or hybridization methods with genomic DNA. 
 
Another valuable molecular marker is the sequence-related amplified polymorphism or 
SRAP. This is a marker system based on a simple PCR reaction that has not been widely 
studied in common bean. SRAPs are markers that amplify open reading frames (ORFs) 
(Li and Quiros, 2001), based on the amplification of two primers 17 or 18 bases long. 
The first 10 or 11 bases on the 5’ end are filler sequences with no specific constitution 
followed by a core sequence of CCGG in the forward primer and AATT on the reverse 
one, and three selective nucleotides on the 3’ end. These markers are codominant and are 
evenly distributed on the chromosomes. However, dominant markers can be found if 
there are nucleotide substitutions affecting primer binding sites (Li and Quiros, 2001). 
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SRAPs have been easily amplified in crops such as rice, potato, lettuce, garlic, rapeseed, 
peas and also in a very few studies in soybean and common bean (Espósito et al., 2007; 
Ferriol et al., 2003; Li and Quiros, 2001; Smutkupt et al., 2006; Zhongxu et al., 2003).  
 
Amplified fragment length polymorphisms or AFLPs are another useful technique in the 
construction of genetic maps. These markers originally known as selective restriction 
fragment amplification (SRFA) generate high density of DNA marker loci in a single 
assay (Vos et al., 1995). This technique is based on a PCR selective amplification of 
restriction fragments. It involves genomic digestion using two restriction endonucleases: 
EcoRI, which has a 6 bp recognition site, and Mse I, which has a 4 bp recognition site. 
These enzymes generate small DNA fragments (<1kb) when they are used together. 
Then, Eco RI and Mse I adapters are ligated to the restriction fragments serving as primer 
binding sites for a preamplification reaction which has one selective nucleotide, and then 
a final amplification is performed using primers that have three selective nucleotides. 
This way, several reproducible and dominant marker loci are amplified. All these 
molecular markers have been used in studies on the origin and diversity of current 
cultivars, as well as on the domestication of P. vulgaris (Miklas et al., 2006; Yu et al., 
2000), and they have become a promising tool for mapping and gene tagging of traits of 
agronomical importance and can be used in breeding programs using marker assisted 
selection.  
 
 
19 
 
 
 
LITERATURE CITED 
 
Acosta, J.A., E. Acosta, S. Padilla, M.A. Goytia, R. Rosales, and E. López. 1999. 
Mejoramiento de la resistencia a la seqíua del frijol comun en Mexico. Agron. 
Mesoam. 10:83–90. 
Andrade-Aguilar, J.A., and M.T. Jackson. 1988. Attempts at interspecific hybridization 
between Phaseolus vulgaris L. and P. acutifolius A.Gray using embryo rescue. 
Plant Breed. 101:173–180 
Abawi, G.S. 1989. Root Rots. pp 105-157.Bean Production Problems in the Tropics. H. 
F. Schwartz and M.A. Pastor-Corrales (eds.), CIAT, Cali, Colombia. 725 pp. 
Anderson, N.A. 1982. The genetics and pathology of Rhizoctonia solani. Annu. Rev. 
Phytopathol. 20:329-347. 
Bennink, M.R. 2010. Health benefits associated with consumption of dry beans. Annu. 
Rept. Bean Improv. Coop. 53.  
Blair, M.W., W. Pantoja, L.C. Muñoz, and A. Hincapie. 2003. Genetic analysis of crosses 
between cultivated tepary bean and wild Phaseolus acutifolius and P. parvifolius. 
Annu. Rept. Bean Improv. Coop. 46: 27-28. 
Bolkan, H.A., and W.R.C. Ribeiro. 1985. Anastomosis groups and pathogenicity of 
Rhizoctonia solani isolates from Brazil. Plant Dis. 69:599-601. 
Bolton, M.D., L. Panella, L. Campbell, and M.F. Khan. 2010. Temperature, moisture, and 
fungicide effects in managing rhizoctonia root and crown rot of sugar beet.  
Phytopathology 100, 7:689-697 
20 
 
 
 
Castellanos, J.Z., J.J. Peña-Cabriales, and J.A. Acosta-Gallegos. 1996. 15N-determined 
dinitrogen fixation capacity of common bean (Phaseolus vulgaris) cultivars under 
water stress. J. Agric. Sci. (Cambridge) 126:327–333. 
CIAT. 2007 Annual Report 2007. Outcome Line SBA-2. Improved beans for the 
developing world.  
Cook, E.R., C.A. Woodhouse, C.A. Eakin, D.M. Meko, and D.W. Stahle. 2004. Long-
term aridity changes in the western United States. Science 306:1015–1018. 
Cubeta, M.A., and R. Vilgalys. 1997. Population biology of the Rhizoctonia solani 
complex. Phytopathology 87:480-484. 
Espósito, M.A.,  E.A. Martin, V.P. Cravero, and E. Cointry. 2007.  Characterization of 
pea accessions by SRAP's markers. Scientia Horticulturae. 113: 329-335 
Federici, C.T., B. Ehdaie, and J.G. Waines. 1990 Domesticated and wild tepary bean: 
field performance with and without drought-stress. Agron J 82:896-900 
Ferriol, M., B. Pico, and F. Nuez. 2003. Genetic diversity of a germplasm collection of 
Cucurbita pepo using SRAP and AFLP markers. Theor. Appl. Genet. 107:271-
282. 
Gaitán-Solís E, M.C. Duque, K.J. Edwards, and J. Tohme. 2002. Microsatellite repeats in 
common bean (Phaseolus vulgaris): Isolation, characterization, and cross-species 
amplification in Phaseolus ssp. Crop Sci. 42:2128-2136. 
Gepts P., F. Aragão, E. de Barros, M.W.  Blair, R.  Brondani, W.J. Broughton, I.  
Galasso, G. Hernández, J. Kami, P. Lariguety, P.  McClean, M. Melotto, P. 
Miklas, P. Pauls, A. Pedrosa-Harand, T. Porch, F. Sánchez, F. Sparvoli, and K. 
21 
 
 
 
Yu. 2008. Genomics of Phaseolus beans, a major source of dietary protein and 
micronutrients in the Tropics. In P.H. Moore, and R. Ming (eds), Genomics of 
Tropical Crop Plants. Springer, Berlin, pp 113-143 
Groth, J.V., and B.D. Mogen. 1978. Completing the life cycle of Uromyces phaseoli var. 
typica on bean plants. Phytopathology 68: 1674-1677. 
Harveson, R.M., J.A. Smith, and W.W. Stroup. 2005. Improving root health and yield of 
dry beans in the Nebraska Panhandle with a new technique for reducing soil 
compaction. Plant Dis. 89:279-284. 
Islam, F.M.A., K.E. Basford, R.J. Redden, A.V. Gonzalez, P.M. Kroonenberg, and S. 
Beebe. 2002. Genetic variability in cultivated common bean beyond the two 
major gene pools. Gen. Res. Crop Evol. 49: 271-283 
Jochua, C., M.I.V. Amane, J.R. Steadman, X. Xue, and K.M. Eskridge. 2008. Virulence 
diversity of the Common Bean Rust pathogen within and among individual bean 
fields and development of sampling strategies. Plant Dis. 92:401-408  
Kelly, J.D., P. Gepts, P.N. Miklas, and D.P. Coyne. 2003. Tagging and mapping of genes 
and QTL and molecular marker-assisted selection for traits of economic 
importance in bean and cowpea. Field Crops Research 82:135-154. 
McClean P.E., S. Cannon, P. Gepts, M. Hudson, S. Jackson, D. Rokhsar, E. Schmutz and 
C. Vance. 2009. Towards a whole genome sequence of common beans, 
(Phaseolus vulgaris): Backgroung, approaches, applications. Online available.  
http://www.csrees.usda.gov/business/reporting/stakeholder/pdfs/pl_common_bea
n.pdf 
22 
 
 
 
McClean, P.E. , R.K.Lee, C. Otto, P. Gepts, and M.J. Bassett. 2002. Molecular and 
phenotypic mapping of genes controlling seed coat pattern and color in common 
bean (Phaseolus vulgaris L.). J. Heredity 93:148-152 
Mejía-Jiménez, A., C. Muñoz, H.J. Jacobsen, W.M. Roca, and S.P. Singh. 1994. 
Interspecific hybridization between common and tepary beans: increased hybrid 
embryo growth, fertility, and efficiency of hybridization through recurrent and 
congruity backcrossing. Theor. Appl. Genet. 88:324–331 
Meinhardt, L. W., N. A. Wulff, C. M. Bellato, and S. M. Tsai. 2002. Genetic analyses of 
Rhizoctonia solani isolates from Phaseolus vulgaris  grown in the atlantic 
rainforest region of São Paulo, Brazil. Fitopatologia Brasileira 27:259-267.  
Mienie, C.M.S., M. M. Liebenberg, Z.A. Pretorius, and P.N. Miklas. 2005. SCAR 
markers linked to the Common Bean Rust resistance gene Ur-13. Theor. Appl. 
Genet. 111: 972–979. 
Miklas, P.N., J.C. Rosas, J.S. Beaver, L. Telek, and G.P. Freytag. 1994. Field 
performance of select tepary bean germplasm in the tropics. Crop Sci. 34:1639–
1644. 
Miklas, P.N., and J.R. Stavely. 1998. Incomplete dominance of rust resistance in tepary 
bean. HortScience 33:143–145 
Miklas, P.N., J.D. Kelly, S.E. Beebe, and M.W. Blair. 2006. Common bean breeding for 
resistance against biotic and abiotic stresses: from classical to MAS breeding. 
Euphytica 147:105-131 
23 
 
 
 
Mmbaga, M.T., J.R. Steadman and K.M. Eskridge. 1996. Virulence patterns of Uromyces 
appendiculatus from different geographical areas and implications for finding 
durable resistance to rust of common bean. Phytopathology 144:533-541. 
Muñoz, L. C., , M.C. Duque, D.G. Debouck, and M.W. Blair. 2006. Taxonomy of tepary 
bean and wild relatives as determined by Amplified Fragment Length 
Polymorphism (AFLP) Markers. Crop Sci. 46:1744–1754 
Perea, C.G., H. Terán, R.G. Allen, J.L. Wright, D.T. Westermann, and S.P. Singh. 2006. 
Selection for drought resistance in dry bean landraces and cultivars. Crop Sci. 
46:2111–2120. 
Nielsen, D.C., and N. Nelson. 1998. Black bean sensitivity to water stress at various 
growth stages. Crop Sci. 38:422–427 
Ocampo, C.H., J.P. Martin, M.D. Sanchez-Yelamo, J.M. Ortiz and O. Toro. 2005. 
Tracing the origin of Spanish common bean cultivars using biochemical and 
molecular markers. Genet. Resour. Crop E., 52: 33-40. 
Ogoshi, A. 1987. Ecology and pathogenicity of anastomosis and intraspecific groups of 
Rhizoctonia solani Kühn. Annu. Rev. Phytopathology. 25:125-143. 
Park, S.O., D.P. Coyne, J.R. Steadman, and P.W. Skroch. 2003. Mapping of the Ur-7 
gene for specific resistance to rust in common bean. Crop Sci. 43: 1470-1476. 
Park, S.O., D.P. Coyne, J.R. Steadman, K.M. Crosby, and M.A. Brick. 2004. RAPD and 
SCAR markers linked to the Ur-6 andean gene controlling specific rust resistance 
in common bean. Crop Sci. 44: 1799-1807. 
24 
 
 
 
Pastor-Corrales, M.A. 2002. Apparent vulnerability of certain of rust-resistance gene 
combinations in common bean for management of Uromyces appendiculatus. 
Ann. Rept. Bean Improv. Coop. 45:42-43. 
Pastor-Corrales, M.A. 2003. Sources, genes for resistance, and pedigree of 52 rust and 
mosaic resistant dry bean germplasm lines released by the USDA Beltsville Bean 
Project in collaboration with Michigan, Nebraska and North Dakota Agricultural 
Experiment Stations. Ann. Rept. Bean Improv. Coop. 46:235-241. 
Pastor-Corrales, M.A., and J. R. Stavely. 2002. Using specific races of the Common Bean 
Rust pathogen to detect genes in Phaseolus vulgaris. Ann. Rept. Bean Improv. 
Coop. 45:78-79. 
Pastor-Corrales, M.A. and J.R. Steadman. 2005. Rust. pp 38-39. In: Compendium of 
Bean Diseases. H. F. Schwartz, J. R. Steadman, R. Hall, and R. Forester (eds.). 
APS Press, St. Paul MN. 
Porch, T.G., V.H. Ramirez, D. Santana, and E.W. Harmsen. 2009. Evaluation of common 
bean for drought tolerance in Juana Diaz, Puerto Rico. Agronomy and Crop Sci. 
195, 328-334 
Purdue University. 2007. New Crops Resource Online Program.  
http://www.hort.purdue.edu/newcrop/default.html 
Rainey, K.M. and P.D. Griffiths. 2005.  Evaluation of Phaseolus acutifolius A. Gray 
plant introductions under high temperatures in a controlled environment. Genetic 
Resources and Crop Evolution. 52: 117-120  
25 
 
 
 
Ramírez-Vallejo, P., and J.D. Kelly. 1998. Traits related to drought resistance in common 
bean. Euphytica 99:127–136 
Rosas, J.C., J.D. Erazo, and J.R. Moncada. 1991. Tolerancia a la sequia en germoplasma 
de frijol común y teparí. CEIBA 32(2):91–106. 
Schoonhoven, A. van, and O. Voysest. 1989. Common beans in Latin America and their 
constraints. pp. 33-57. In Bean Production Problems in the Tropics (2nd edition). 
H. F. Schwartz and M. A. Pastor-Corrales (eds.). CIAT. Cali, Colombia. 
Schneider, K.A., R. Rosales-Serna, F. Ibarra-Perez, B. Cazares-Enriquez, J.A. Acosta-
Gallegos, P. Ramírez-Vallejo, N. Wassimi, and J.D. Kelly. 1997. Improving 
common bean performance under drought stress. Crop Sci. 37:43–50 
Schwartz, H.F. 2005. Moisture stress. In Compendium of Bean Diseases. H. F. Schwartz, 
J. R. Steadman, and R Hall (eds.). Second Edition, APS Press, St. Paul, MN. 109 
pp. 
Scully, B., and J.G. Waines. 1988. Ontogeny and yield response of common and tepary 
beans to temperature. Agron. J. 80: 921-925 
Sharon, M., S. Kuninaga, M. Hyakumachi, and B. Sneh. 2006. The advancing 
identification and classification of Rhizoctonia spp. using molecular and 
biotechnological methods compared with the classical anastomosis grouping. 
Mycoscience 47:299–316. 
Sikora, E. J. 2004. Rhizoctonia Root Rot on garden beans. Alabama cooperative 
extension system. http://www.aces.edu/pubs/docs/A/ANR-1006/ 
26 
 
 
 
Singh, S.P. 1999. Common Bean Improvement in the Twenty-First Century. Page XI in 
Preface. Kluwer Academic Publisher. Netherlands.   
Singh, S.P., D.G. Debouck, and W.M. Roca. 1997. Succesful interspecific hybridization 
between Phaseolus vulgaris L. and P. costaricencis Freytag & Debouck. Annu. 
Rept. Bean Improv. Coop. 40:40-41. 
Singh, S.P., and H. Terán. 1995. Evaluating sources of water-stress tolerance in common 
bean. Annu. Rpt. Bean Improv. Coop. 38: 42–43. 
Singh, S.P. 2006. Common Bean (Phaseolus vulgaris L.). On Genetic resources, 
chromosome engineering and crop improvement. 12-35 
Smutkupt, S., S. Peyachoknagul, K. Kowitwanich, S. Julsrigival, W. Kunkaew, and V. 
Punsupa. 2003. Utilization of DNA marker (SRAP) for varietal analysis of 
highland legumes. Royal Project J. 7(6):26-32. 
Sneh, B., L. Burpee, A. Ogoshi. 1991. Identification of Rhizoctonia species. American 
Phytopathological Society Press, St. Paul, MN. 
Stavely, J.R., and M.A. Pastor-Corrales, 1989  Rust. In Bean production problems in the 
tropics. 2nd. Ed. Centro Internacional de Agricultura Tropical (CIAT), Cali, 
Colombia. 159-194 
Stavely, J.R. 1984.  Pathogenic specialization in Uromyces phaseoli in the United States 
and rust resistance in beans. Plant Dis. 68:95-99. 
Stavely, J.R. 1984. Genetics of resistance to Uromyces phaseoli in a Phaseolus vulgaris 
line resistant to most races of the pathogen. Phytopathology 74:339-344.  
27 
 
 
 
Stavely, J.R., J.R. Steadman, and R. McMillan. 1989. New pathogenic variability in 
Uromyces appendiculatus in North America. Plant Dis. 73:428-432. 
Stavely, J.R. 1998. Development of comprehensively rust resistant bean germplasm. 
Phytopathology 88:85 (Abstr.). 
Stavely, J.R., J.D. Kelly, and K.F. Grafton. 1994. BelMiDak – rust – resistant navy dry 
beans germplasm lines. HortScience 29:709-711. 
Terán H., and S.P. Singh. 2002 Comparison of sources and lines selected for drought 
resistance in common bean. Crop Sci. 42:64-70  
Trejo, C.L., and W.J. Davies. 1991 Drought-induced closure of Phaseolus vulgaris L. 
stomata precedes leaf water deficit and any increase in xylem ABA concentration. 
J. of Exp. Botany. 42:12; 1507-1516  
Tu, J. C.. 1992. Management of root rot diseases of peas, beans and tomatoes. Canadian 
J. of Plant Pathology. 14: 92-99 
Urrea, C.A, P.N. Miklas, and S. Beaver. 1999. Inheritance of resistance to Common 
Bacterial Blight in four tepary bean lines. J. Am. Soc. Hortic. Sci. 124:24–27. 
Urrea, C. A., A D. Yonts, D. J. Lyon, and A. E. Koehler. 2009. Selection for drought 
tolerance in dry bean derived from the Mesoamerican gene pool in western 
Nebraska. Crop Sci. 49: 2005-2010 
Vallejos C.E., N.S., Sakiyama, and C.D. Chase. 1992.  A molecular marker-based linkage 
map of Phaseolus vulgaris L. Genetics 131:733-740 
Vilgalys, R., and M.A. Cubeta. 1994. Molecular systematics and population biology of 
Rhizoctonia. Annu. Rev. Phytopathol. 32:135-155. 
28 
 
 
 
Vos P., R. Hogers, M. Bleeker, M. Reijans, T. van de Lee, M. Hornes, A. Frijters, J. Pot, 
J. Peleman ,and M. Kuiper. 1995. AFLP: a new technique for DNA 
fingerprinting. Nucleic Acids Res. 23, 21: 4407–14 
White, J.W. and S.P. Singh. 1991. Breeding for adaptation to drought p. 501-551. In A. 
van Schoonhoven and O. Voysest (ed.) Common beans: Research for crop 
improvement. C.A. B. International. Wallingford, U.K. and CIAT, Cali, 
Colombia. 
Yu, K., S.J. Park, V. Poysa, and P. Gepts. 2000. Integration of simple sequence repeat 
(SSR) markers into a molecular linkage map of common bean (Phaseolus 
vulgaris L.). J. of Hered. 91: 429-434  
Zhongux, L.,  Z. Xianlong, N. Yichun, H. Daohua and W. Maoqing. 2003. Construction 
of a genetic linkage map for cotton based on SRAP. Chinese Science Bulletin. 
48:19: 2064-2068 
 
 
 
 
 
 
 
 
 
29 
 
 
 
 
 
 
 
 
 
 
CHAPTER ONE 
Identification of Sources of Rhizoctonia Root Rot Resistance in Common Bean 
 
 
 
 
 
 
 
 
 
 
30 
 
 
 
ABSTRACT 
 
Dry bean is one of the most important legume crop in the world. Several traits have been 
improved in order to make the crop more profitable and with better nutritional values. 
Some of them are focused in root health, such as root rot resistance and drought 
tolerance. For instance, Rhizoctonia solani causes root rot, a potentially serious disease 
that may cause severe economic losses if it has the right environmental conditions. Since 
root health is a vital factor in plant development, root diseases would influence water and 
nutrient uptake. An efficient Rhizoctonia Root Rot screening method was developed and 
used to identify bean lines resistant to this disease. Two sets of 163 and 111 lines 
previously evaluated for drought tolerance at Mitchell, NE and Fortuna, PR were 
evaluated for Rhizoctonia Root Rot resistance under greenhouse conditions. The lines 
with the best performance were identified based on above ground plant symptoms and 
root lesions using a scale of 1 (resistant) to 9 (susceptible) and tested again to confirm 
root rot resistance. This root rot data was also correlated with yield under drought stress 
and non stress conditions. In the first set of lines the rhizoctonia mean score ranged from 
1.7 to 3.9; and in the second set the rhizoctonia mean score was between 2.6 and 5.7. 
Thus, all these lines are potential sources of moderate resistance to Rhizoctonia Root Rot. 
There was no significant correlation between drought tolerance and Rhizoctonia Root Rot 
resistance, but there were drought tolerant lines that also had Rhizoctonia Root Rot 
resistance. Lines with both traits can be used as parents in breeding programs looking for 
improvement of both drought tolerance and Rhizoctonia Root Rot resistance in dry beans. 
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INTRODUCTION 
 
The most important economic species of the genus Phaseolus sp is the dry bean (P. 
vulgaris L.) which is widely grown and arguably the most important grain legume for 
direct human consumption in the world. Around 20 million tons are produced annually, 
with Brazil, Mexico and USA as the major production regions (FAO, 2010). The largest 
producers of dry edible beans in the US are North Dakota, Michigan, Minnesota, 
Nebraska and Idaho. Dry edible bean is not only important for its high protein content, 
but also for cholesterol lowering fiber, complex carbohydrates and folic acid, iron, 
magnesium, copper, potassium and zinc (CIAT, 2001). It also has a low glycemic index 
that helps to avoid the development of hyperinsulinemia, insulin resistance and type 2 
diabetes mellitus. Other grains and legumes have high glycemic indexes. Moreover, 
several studies have demonstrated the effect of some phytonutrients, such as protease 
inhibitors, phytic acid, saponines and even the same low gycemic index to have 
anticarcinogenic properties (Bennink, 2010).  
 
In 2009, Nebraska contributed 9.7% of the national bean production in the USA, and it is 
the largest producer of great northern in the country ((USDA-ERS, 2010). The largest 
share is concentrated in 11 counties of the Nebraska Panhandle, with Scotts Bluff, Box 
Butte and Morrill providing the largest production. In 2009 dry bean production reached 
111,631 Tons from 52,610 ha planted, with pinto at 53% of the market class, followed by 
great northern at 31.7%, light red kidney at 9.2%, black beans at 3.2% and others at 
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2.9%. In 2010 the area planted in Nebraska was 64,749 ha with the production forecast to 
be 164,657 Tons, which is significantly higher than the annual production during past 10 
years. (USDA-ERS, 2010). 
 
There are different factors that affect dry bean production. One of them is the 
basidiomycete Rhizoctonia solani Kühn, which is a common pathogen around the world. 
(Sikora, 2004). This pathogenic fungus has a very wide host range including bean, 
sugarbeet, corn, potato, tomato, rice and cotton.  This pathogen can cause damping off, 
root rot, crown blight, fruit rot and leaf blights such as Web Blight.  In beans, it is one of 
the most economically important root and hypocotyl diseases in the world (Sikora, 2004).  
 
Since the rhizoctonia fungal complex is highly variable, it has been grouped in at least 15 
“Anastomosis Groups” or AGs (Bolton, 2010). These were originally developed for 
taxonomic characterizations as well as population biology and genetic studies of the 
pathogen (Cubeta, 1997). These groups are based on somatic incompatibility interactions 
that can be found in genetically different individuals (Anderson, 1982). AGs result from 
fusion of the hypha or anastomosis when pairing different isolates (Meinhardt, 2002). 
Moreover, each AG has been divided in subgroups using molecular and biochemical 
techniques such as fatty acids, DNA based sequence homology, RFLPs of internal 
transcribed spacer (ITS), RAPDs, rDNA-ITS and SSRs (Kuramae, 2002, Sharma, 2005, 
Sharon, 2006). The AG relationships among R. solani isolates are very important for 
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pathologists and breeders since they have different plant species hosts and vary in 
aggressiveness.  
 
Evaluation of Rhizoctonia Root Rot has been done previously in field trials by Abawi  
(2006), where the amount of initial inoculum was increased by double cropping 
susceptible bean varieties over  two years. By year four, the inoculum was homogeneous 
and different bean lines were screened for root rot. Evaluations in greenhouse conditions 
have also being reported. Several methods for inoculum preparation and inoculation 
techniques for different root rot pathogens have been assessed; these include, in vitro 
inoculation (Keijer, 1997), mycelia suspension (Bradley, 2001), soil infestation, soil 
potato inoculum, colonized seed and dipping seedlings into inoculum (Abawi, 1990).  
 
Despite being a very common pathogen that seriously affects beans and other crops in 
tropical and temperate countries; in Nebraska the Rhizoctonia Root Rot complex in dry 
beans has not been studied. Currently, it is not considered a serious economical disease in 
dry beans in Nebraska compared to other diseases such as white mold [Sclerotinia 
sclerotiorum (de Bary)], Common Rust [Uromyces appendiculatus (Pers.:Pers.)Unger], 
bacterial wilt [Curtobacterium flaccumfaciens pv. flaccumfaciens (Hedges)] and root rot 
caused by other fungi that may cause severe economic losses in bean production (Terán, 
2010). However, Rhizoctonia Root Rot represents a threat to the bean growers in western 
Nebraska, especially because of the standard rotation of bean with sugar beets which is 
also attached by R. solani and may increase the amount of inoculum over time. If the 
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proper environmental conditions for R. solani occur then the Rhizoctonia Root Rot will 
reduce plant stands.  Therefore, there is a need to identify germplasm with rhizoctonia 
root and crown rot resistance starting with the development of an efficient and 
inexpensive screening method. 
 
Genetic diversity of R. solani AGs in dry bean production fields from western Nebraska 
has been reported. Among 59 isolates collected from beans in these fields, 34% were AG-
4 and 34% were AG-2 (Venegas et al., 2008). These two AGs were highly associated 
with bean root and crown rot especially the subgroups AG2-IV and 2-IIIB and subgroup 
AG4-HGIII. Isolates from these groups collected in western Nebraska would provide 
appropriate screening isolates for evaluating root disease reaction in dry bean germplasm. 
 
 Drought resistance or increased water use efficiency is a component of the Nebraska dry 
bean breeding program. Drought affects the dry bean yield on 60% of the production 
around the world (Graham and Ranalli, 1997), and in Nebraska, recent irrigation water 
shortages have demonstrated the need for bean varieties with improved water uptake. 
Drought may aggravate development of certain diseases associated with plant stress 
(Piccini, 2000). Additionally, it is known that severe root diseases will reduce the water 
and nutrient uptake, and a healthy rot system will be necessary for improving water 
uptake.  Therefore, identification of drought tolerant bean germplasm that also exhibits 
Rhizoctonia Root Rot resistance would provide lines to introgress into elite germplasm 
that exhibit both traits.  
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The objectives of this study were 1) to develop an efficient screening method for 
Rhizoctonia Root Rot resistance in dry beans; 2) to identify sources of resistance to 
Rhizoctonia Root Rot from dry bean lines in the National Plant Germplasm System and a 
shuttle breeding program between Nebraska and Puerto Rico; and 3) to determine if there 
is any correlation between drought tolerance and Rhizoctonia Root Rot resistance in dry 
bean lines developed for drought tolerance. 
 
MATERIALS AND METHODS 
 
1. Development of screening method 
 
In order to develop an efficient screening method for Rhizoctonia Root Rot resistance, 
preliminary studies were conducted to determine the inoculum substrate and 
concentration of initial inoculum. Substrates evaluated were water agar in petri dishes, 
water agar in small containers, soil in pots and soil in trays. A method published by 
Abawi (1990) using autoclaved potato pieces in soil was tested but not used for any of the 
germplasm/lines testing. The initial inoculum was prepared using 100 g of potato pieces 
in 1000 cc of soil and 20 plugs of the isolate grown in PDA (Abawi, 1990). 
Concentration of initial inoculum evaluated was 100 cc of soil/inoculum mixture in clean 
steamed sandy loam soil in the following proportions 1:5, 1:10, and 1:100. 
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Plant Material 
 
Five bean entries were selected to test the screening method. The two susceptible lines 
were pinto UI 114 and Morales, and the resistant lines selected were TARS 08107-3299, 
TARS 08109-3409, TARS 08114-4351 (Porch, 2008). These resistant lines were from 
USDA-ARS Tropical Agriculture Research Station, Puerto Rico. 
 
Inoculum Preparation and Inoculation 
 
The three isolates of R. solani selected for this study were WN-11 (AG-2-2 IV), WN-116 
(AG-2-2 IIIB/LP) and WN-293 (AG-4 HGIII). These isolates were collected by R. 
Harveson from Scotts Bluff, Banner, Box Butte, Morrill, and Sheridan counties in 
western Nebraska and characterized by Venegas (2008). The isolates were stored in sugar 
beet seeds, and activated by placing on water agar (Difco, Detroit, MI, USA) to induce 
the fungus growth and detect contamination by bacteria or other fungi. After 3 to 5 days 
of growth at room temperature, 22±1°C, a 6 mm was transferred to a Petri dish of Difco 
Potato Dextrose Agar (PDA) to increase the amount of inoculum. The plates were 
incubated for 3 to 5 days at 22±1°C. A mixture of 3 parts soil and 1 part sand to simulate 
sandy loam field soil was autoclaved for 15 to 20 min. A mixture of 100 cc of the soil 
with 30 ml of autoclaved Difco Potato Dextrose Broth plus 20 6 mm plugs of R. solani 
taken from the margins of the PDA in a deep Petri dish was incubated for 15 days at 22 
±1°C. The fungal colony plugs were mixed with steamed soil in a ratio 1:10 (one petri 
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dish per 900 cc of soil). Five seeds of each bean line were planted in a 4-in pot and 
covered with 100 cc of the inoculum. Two sets of host plants were grown at two different 
temperatures, 19 ±1°C in an incubator and 26 ±1°C in a greenhouse, to determine the 
appropriate environment to promote root rot. 
  
Fifteen days after inoculation, plants were removed from the pots and the roots were 
washed gently. Each plant was scored based on the CIAT 1 to 9 scale based on plant 
symptoms and root lesions (Fig. 1) with 1 to 3 resistant, 4 to 6 intermediate and 7 to 9 
susceptible (van Schoonhoven and Pastor-Corrales, 1987).  
 
Experimental Design 
 
The experiment was designed to measure the effect of three factors: location, dry bean 
lines/cultivars and isolates. The response measured corresponds to the mean of the 
Rhizoctonia Root Rot score of five plants per pot. The treatment design was a 3-way 
factorial arranged in a split split plot design. There were four replications per treatment, 
each one was divided into two whole plots (WP) corresponding to the two locations 
greenhouse 26 ±1°C and incubator 19 ±1°C. Each whole plot was divided into five split 
plots (SP) corresponding to the five lines/cultivars previously described. Each split plot 
was divided into three split split plots (SSP) corresponding to the three isolates. 
Experimental units were randomly assigned to treatments using a Randomized Complete 
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Block Design (RCBD). The WP, SP and SSP errors were assumed to be independent. 
The three treatment factors had fixed effects. 
 
The data were analyzed as a factorial; therefore, all the main effects, two way and three 
way interactions were included, starting from the highest level of interactions to the main 
effects. If there were no three or two way interaction effects then the main effects were 
tested, then proceed to the two way interaction at each level of the third factor and test 
simple effects of one factor conditional on the second factor. However, if there was a 
three way interaction, then simple effects on one factor conditional on combinations of 
the other two were tested. Fisher’s protected LSD was used to do comparisons. The 
analysis of variance was done using SAS® 9.2 Software.  
 
2. Identification of sources of resistance 
 
Plant Material 
Two sets of dry bean germplasm and breeding lines were analyzed separately to identify 
sources of resistance to Rhizoctonia Root Rot. The first set was coded as NE-08 and the 
second was NE-14. The NE-08 set contained 163 entries, 79 were experimental lines 
from different USA dry bean breeding programs, 23 were current commercial cultivars, 
29 were tepary beans (Phaseolus acutifolius A. Gray) and 31 were germplasm accessions 
from the National Plant Germplasm System (NPGS) plus pinto UI-114 as a susceptible 
control. These NPGS accessions were previously selected for photoperiod insensitivity in 
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Puerto Rico and Nebraska. They were also screened for drought tolerance under terminal 
drought stress conditions at Mitchell. NE and Fortuna, PR in 2009, where irrigation was 
stopped at the flowering stage. The second set (NE-14) was composed of 111 entries 
from a shuttle breeding program between Nebraska and Puerto Rico initiated in 2007. 
These entries were also screened for drought tolerance under the same conditions as used 
for NE-08 set. 
 
Inoculum Preparation and Inoculation 
 
Isolate WN-11 (AG-2-2 IV) of R. solani, was increased from storage using the same 
method and conditions as previously described. The inoculum preparation and the 
inoculation procedure also was the same as described in the previous section. Plants were 
grown in the greenhouse at 24 ± 2°C for 15 days, and were watered as needed without 
fertilizer.  Fifteen days after inoculation, plants were removed from the pots and the roots 
were washed gently. Each plant was scored using the CIAT scale (Schoonhoven and 
Pastor-Corrales, 1987). 
 
Experimental Design 
 
Each set of entries was arranged and analyzed independently in an Incomplete Block 
Design. For the NE-08 set the treatments were each of the 163 entries plus the control, 
with five seeds per treatment in a single pot. There were four treatments per block, and a 
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total of 41 incomplete blocks with four replications. For the NE-14 set, there were 111 
entries and one control (UI 114). There were also four treatments per block and a total of 
28 incomplete blocks with four replications. In each set of entries, all the experimental 
units (pots) were randomly assigned to treatments in an Alpha Lattice Design. The fifteen 
more resistant entries from the NE-08 and NE-14 sets were tested again in a Randomized 
Complete Block Design with four replications to confirm the results.  
 
Since both sets of entries were previously screened for drought tolerance, these root rot 
data were also correlated with the geometric mean (  ) defined as the square 
root of the mean seed yield of a line under drought stress plus the mean seed yield of a 
line under non stress using Pearson’s correlation. Data provided by Dr. Carlos Urrea. The 
correlations included the combined data from the analysis of drought tolerance as well as 
per location. The analysis of variance and the correlations were conducted using the 
lsmeans of the experimental units in SAS® 9.2 Software.  
 
RESULTS 
 
Development of screening method 
 
When the two types of substrate were analyzed in the preliminary studies to develop the 
screening method, the more reliable was the soil. Due to high contamination and limited 
space available for growing the seeds in agar, even though the trays saved spaced and 
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allowed several seeds to be grown, the statistical analysis of this test was difficult for a 
larger set of entries and was not used for screening. Therefore, soil in 4-in pots was 
selected for inoculation experiments. 
 
Potato dextrose broth was used instead of potato pieces in the final protocol because it 
was more uniform and consistent when growing several different amounts of inoculum in 
different Petri dishes. The 1:100 ratio of inoculum to soil used for each of the three 
different isolates did not cause disease on any of the five varieties inoculated. While the 
1:5 inoculum to soil ratio caused severe to lethal damage to the seeds. Thus, the 1:10 
inoculum to soil ratio was used for the subsequent tests. 
 
The analysis of variance of the split split plot design indicated that there were no 
significant differences between replications (Table 1). There were no significant three 
way interactions between isolates, varieties and temperatures (P=0.5688), which can also 
be seen in the similarity of the interaction plots given temperature (Fig 2). There was a 
significant two way interaction between varieties and isolates (P<0.0001) which was 
expected due to the differences between their genetic background, origins and their root 
rot resistance. The plot for Var*Iso clearly shows the significant interaction (Fig 3). 
There was a significant interaction between temperature (location) and isolates 
(P=0.0003). The interaction plots indicate that isolate WN-11 (AG-2-2 IV) displayed 
more variability among the varieties compared to isolates WN-116 (AG-2-2 IIIB/LP), 
and WN-293 (AG-4 HGIII). WN-11 was also more stable at both temperatures.  
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Although isolate WN-116 is also stable under both temperatures, it produces a more 
severe disease reaction. A mean score of 8.4 indicates that most of the varieties 
inoculated with this isolate are highly susceptible. Since an ideal isolate for a screening 
method should produce more variability among all the treatments or entries, this isolate 
was not used for screening. Moreover, the interaction plots indicated that isolate WN-293 
(AG-4 HGIII) was variable among the varieties but there was a significant interaction 
with temperature, by producing a more severe disease reaction at higher temperature. 
Thus, the isolate selected to identify sources of resistance to Rhizoctonia Root Rot was 
WN-11. 
 
The screening method developed for Rhizoctonia Root Rot was published online in the 
Bean Improvement Cooperative (Peña et al., 2010). 
 
Identification of sources of resistance from NE-08 entries 
 
All 163 entries from the NE-08 experiment were screened for Rhizoctonia Root Rot 
resistance (Table 2). The analysis of variance of the Alpha Lattice Design (Table 3) 
indicated that there were significant differences between replications (P<0.0001). The 
difference of the least square means indicated that there were no differences between 
replication one and two as well as between replications three and four. However, 
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significant differences were found between replications 1 and 2 compared to replications 
3 and 4 (Table 4).   
The overall means of the two first replicates were significantly lower than the means of 
replicates 3 and 4 (Table 4). The overall mean of the root rot rating was 7.02 (Table 2), 
indicating that these entries were more susceptible to this pathogen. The least significant 
difference was 1.74 and the coefficient of variation 17.8%. There were also significant 
differences between treatments (lines), indicating that sources of partial resistance to 
Rhizoctonia Root Rot were identified (Table 5).  Most of them were germplasm 
accessions from the National Plant Germplasm System.  The lines with the lowest scores 
for Rhizoctonia Root Rot exhibited mostly intermediate resistance with ratings ranging 
from 2.9 to 4.9. Most of these lines are from Middle America with a growth habit type III 
or II, and black was the predominant seed class with cream, red and light brown classes. 
These lines were screened again to confirm their intermediate resistance reaction. There 
were no significant differences between replications (Table 5). 
 
Correlation between Rhizoctonia Root Rot resistance and drought tolerance. NE-08 
 
There were no significant correlations between Rhizoctonia Root Rot resistance and yield 
under drought stress and non stress conditions from the combined data of both locations 
(Table 6). However, when a single location is considered, some correlation was found 
between Rhizoctonia Root Rot resistance and yield under non stress treatment in Fortuna, 
Puerto Rico (P=0.0264). This correlation was negative, which indicates that the lower the 
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score for Rhizoctonia Root Rot the higher the yield, however, it also was very low (-
0.1744). 
This data was also analyzed independently by groups of beans from similar sources, e. g. 
varieties, teparies, breeding lines, germplasm. Among varieties, the only significant 
correlation (P=0.0132) was also between root rot resistance and yield under non stress 
conditions in Fortuna, PR with a coefficient of -0.5 (Table 7). Similar significant 
correlations were found in entries from experimental lines from different dry bean 
breeding programs, as well as for entries from the NPGS (Table 7).    
 
Despite the lack of significant correlation between root rot resistance and yield under 
drought stress, some entries were able to be selected as sources of partial resistance to 
Rhizoctonia Root Rot and drought tolerance (Table 8).  These lines are valuable not only 
for their an intermediate root rot resistance but also because they are well adapted to two 
different agro-ecoregions which are Nebraska and Puerto Rico under drought as well as 
no drought stress. Additionaly, some of these entries exhibit heat tolerance as well as 
resistance to other pathogens such as Uromyces appendiculatus, Fusarium oxysporum, 
and Xanthomonas phaseoli.  
 
Identification of sources of resistance from NE-14 entries 
                                                                                                                                           
The shuttle breeding program had 111 entries that were screened for Rhizoctonia Root 
Rot resistance (Table 9).  The analysis of variance of the alpha lattice design indicated 
45 
 
 
 
that there were significant differences between replications (P<0.0001). There were also 
significant differences between treatments (Table 10). The overall mean of the scores of 
root rot caused by rhizoctonia was 6.43, indicating overall high susceptibility of these 
entries to this pathogen. Some entries from this nursery were selected as sources of 
resistance or partial resistance for Rhizoctonia Root Rot (Table 11). These lines were 
screened again to confirm the intermediate resistance. There were no significant 
differences between replications. (Table 11). 
 
Correlation between Rhizoctonia Root Rot resistance and drought tolerance. NE-14 
 
All the data from the Rhizoctonia Root Rot (RRR) screening was correlated with the data 
of the drought analysis (provided by Dr. Carlos Urrea). There was significant correlation 
between RRR and drought tolerance for the combined data and from the field trials 
conducted at Scottsbluff, NE (Table 12). This correlation was significant also for the two 
treatments non stress and drought stress. However, the correlation was weak and positive, 
which means that the higher the yield, the higher the rhizoctonia score. 
 
The data were analyzed according to the pedigree.  All the 111 entries were distributed in 
a total of 15 pedigree backgrounds. The complete pedigrees are included in table 13. Out 
of the 15 pedigrees, 13 had no significant correlation for any treatment or location (Table 
13). However, certain drought tolerant pedigrees did correlate with Rhizoctonia Root Rot 
as did one location. Lines from the pedigree (DOR 364 x TLP 19) x ('A774) did correlate 
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with drought stress in Scottsbluff (P=0.0038). It is important to mention different traits 
from the parents of these lines to understand their value. For instance, DOR 346 is an 
indeterminate type II cultivar adapted to low land tropics on Mexico and Central 
America, and also resistant to golden mosaic virus, anthracnose and tolerant to angular 
leaf spot and rust. Cultivar A774 is a determinant bush highly adapted with cream seed 
color. The pedigree BAT 477 x B98311 had a significant correlation with drought stress 
and geometric mean at Scottsbluff. BAT 477 has resistance to some races of Fusarium 
oxysporum f. sp phaseoli. Lines from the pedigree (Matterhorn)x(SEN 10) (P=0.048) also 
correlate with the geometric mean of the combined experiments and with non stress 
treatment in Scottsbluff (P=0.0139). Matterhorn is a source of resistance to drought. 
Despite these correlations there were no significant correlations with all the entries, but 
some of them were selected for having partial resistance to Rhizoctonia Root Rot and 
drought tolerance. (Table 14).  
 
DISCUSSION  
 
Breeding for disease resistance is an excellent approach to overcome economic losses 
caused by pathogens in plants. Although plant disease can also be controlled with 
chemicals, biological control and cultural practices such as crop rotation, tillage, plant 
density and clean seeds; resistant varieties tend to be the best options for low producer 
cost disease control. To initiate the search for resistance to disease, identification of 
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sources of resistance is needed and the development of a technique to screen putative 
lines is the first step. 
 
In this study an effective and simple screening method was developed to select bean 
entries that display Rhizoctonia Root Rot resistance. Even though, Rhizoctonia Root Rot 
has been studied in several crops, methods of screening for resistance to R. solani have 
varied according to the hosts and techniques used (Keinath, 1997). First, the selection of 
inoculum density was found to be important in determining disease severity depending on 
the host (Sumner, 1985).  
 
In the bean system the lower ratio (1:100) of inoculum to soil of each of the three 
different isolates did not cause disease on any of the five varieties. While the higher ratio 
(1:5) caused severe to lethal damage to the seeds, the inoculum ratio 1:10 produced more 
variability of disease among the varieties evaluated. These results are similar to those 
reported by Schroeder, 2007, who studied the effects of inoculum density on the 
development and severity of Rhizoctonia Root Rot; he also found that the higher the 
inoculum density the higher the disease severity.  
 
The selection of one isolate representing an individual AG of R. solani has been 
suggested in the screening of germplasm to identifying useful resistance (Ogoshi, 1996). 
Out of the three isolates WN-11 (AG-2-2 IV), WN-116 (AG-2-2 IIIB/LP), and WN-293 
(AG-4 HGIII) selected to develop the screening method, WN-11 appeared to be the most 
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convenient.  The interaction plots indicated that isolate WN-11 displayed more variability 
among the varieties compared to isolates WN-116 and WN-293 (Figure 2, 3) and 
produced similar disease under both temperatures (Figure 4). 
 
The interaction found with temperature and isolates (Figure 4), is indicative that not 
every isolate responds similarly to the same stimuli, which in this case would be 
temperature. Isolate WN-293 was more severe at higher temperatures than at lower ones, 
while isolate WN-116 was severe at both temperatures. Since this pathogen grows over a 
temperature range from 12 to 35°C with an optimum between 20 and 30°C (Leach, 1986, 
Van Bruggen, 1986) and is also favored in poorly drained and wet fields (Franc, 2001), it 
is understandable to find isolates that display such differences in severity when the 
temperature changes dramatically. 
 
The results of screening for resistance to R. solani, with both nurseries NE-08 and NE-14, 
were significant for differences in replications. The variation was slightly larger for the 
set of NE14 entries with 19.9% compared to NE08 set which had the 17.8%. However, 
the overall mean score of Rhizoctonia Root Rot of NE08 was higher than NE14.  Since 
each replication was planted at different times because of size of the experiment, the 
temperature in the greenhouse was slightly reduced from the first rep to the last one on 
each of the nurseries. Despite the fact that the isolate selected was the most stable at two 
different temperatures, there still was some variation in virulence between temperatures. 
The disease score was more severe at 19 than 26°C. Similar results were obtained in both 
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nurseries where the overall means of the first two replicates were significantly lower than 
replicates 3 and 4, meaning that this particular isolate causes a more severe reaction at 
lower temperatures.  
 
This is consistent with other reports that the growth, distribution and severity of AG-2-
2IV are increased at lower temperatures (Sneh et al., 1991; Engelkes and Windels, 1996). 
It is important to determine early and late season infections because of soil temperature 
differences and also to determine an efficient way to control this pathogen when there are 
no disease resistant cultivars available. Especially when some cultural practices such as 
crop rotation becomes a factor that may increase the amount of inoculum. Since Nebraska 
growers rotate beans with sugar beets, and sugar beets are also susceptible to most 
isolates from R. solani AG-2-2 IV, AG-2-2 IIIB AG-2 and AG-4, (Bolkan, 1985, Singh, 
1997, Windels, 1997), this may increase the chances of becoming Rhizoctonia Root Rot a 
serious economic disease in Nebraska. 
 
Since the soil temperature tends to be more stable compared to the temperature of the 
environment, the soil temperature was not measured and may have been stable. Another 
possible reason of the differences between replications could be the lack of homogeneity 
of the inoculum. Since the inoculum was increased and incubated in petri dishes and then 
it was mixed with soil to reach a proportion of 1:10, the inoculum may not had been 
mixed evenly resulting in the differences on the replications.   
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Sources of partial resistance to Rhizoctonia Root Rot were identified from the NE-08 
entries and the Shuttle Breeding program and can now be used in crosses to develop elite 
cultivars. The experiment where resistance was confirmed in these lines resulted in lower 
root rot scores ranging from 1.7 to 5.6, which were lower than the initial screening. This 
could indicate higher resistance or could be due to the temperature in the greenhouse 
which was much higher in the confirmation test than the initial test. Higher temperatures 
would promote a faster germination and growth of plants thus allowing them to avoid R. 
solani during the more susceptible stage of growth. However, the susceptible control 
pinto UI 114 rating in the same test and conditions, had a mean score of 8.9 which 
indicated little temperature effect but confirm the resistance shown by the NE-08 and 
NE-14 resistant lines. These entries are now not only useful for root rot resistance but 
also for heat tolerance in the case of NE-08 and drought tolerance for both sets.  
 
The correlation between Rhizoctonia Root Rot and drought tolerance was not significant. 
However, certain drought tolerant pedigrees did correlate with Rhizoctonia Root Rot 
resistance at one location. Similar results were found by Piccini et al., (2000) when he 
observed drought tolerance correlated with resistance to common root rot in wheat.  
Western Nebraska is characterized by inadequate summer rainfall and semiarid 
conditions, making drought or reduced irrigation water an issue that affects dry bean 
production in the region (Solley, 1997). Moreover, stressed plants are prone to be more 
susceptible to pathogens. So, even though there was no correlation between root rot 
resistance and drought tolerance selecting entries that have both of them is an excellent 
51 
 
 
 
approach to improve the dry bean germplasm. Entries that are not only adapted to two 
areas (Western Nebraska and Fortuna, PR ), have drought tolerance and moderate 
tolerance to Rhizoctonia solani, but for NE-08-187 also has rust resistance and is adapted 
to some regions in Mexico. Another entry NE-08-108 (VAX 1) is the result of an 
interespecific cross between P. acutifolius and P. vulgaris that also has Common 
Bacterial Blight resistance.  
 
The entries NE-08-95 (NE25-07-17) and NE-08-96 (NE25-07-18) are two pinto beans 
highly adapted to drought from the dry bean breeding program of Nebraska. They have 
three rust resistance genes including Ur3 and Ur6 as well as earliness, Common Bacterial 
Blight resistance, and white mold avoidance due to upright plant architecture and also 
partial resistance to Rhizoctonia Root Rot.   In the shuttle breeding program, the entry 
NE14-08-176 is a black bean with drought and heat tolerance, Common Bacterial Blight 
resistance, brown spot resistance and partial resistance to Rhizoctonia Root Rot. Another 
entry with multiple favorable alleles is the NE14-08-314, which has the marker SW13 for 
bean common mosaic virus, and the gene Ur3 for rust resistance.  The other selected 
entries have similar characteristics that make each one of them very important for the 
Nebraska dry bean breeding program. 
  
In conclusion, greenhouse pot evaluations are ideal to identify sources of Rhizoctonia 
Root Rot resistance. The development of a mapping population is imperative to 
characterize genes expressing resistance to this disease and now that a new, simple and 
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efficient screening method is available, mapping of QTL’s can be done to facilitate 
marker assisted selection. However, more research is needed to confirm if the bean lines 
reported to have partial resistance in this study have resistance to R. solani across 
additional AGs that could cause root rot and then be able to include them in a breeding 
program looking for durable resistance to this potential serious threat.  
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Table 1. Analysis of variance of split split plot design on five varieties of Phaseolus 
vulgaris inoculated with three isolates of Rhizoctonia solani in two different 
environments. 
Source Num DF Den DF F Value Pr > F 
Replication (Rep) 3 3 0.22 0.877 
Location (Loc) 1 3 9.14 0.0566 
Variety (Var) 4 12 24.54 <.0001* 
Rep*Var 12 12 1.19 0.3825 
Isolates (Iso) 2 60 60.32 <.0001* 
Loc*Iso 2 60 9.39 0.0003* 
Var*Iso 8 60 9.82 <.0001* 
Loc*Var*Iso 12 60 0.88 0.5688 
*Significant at 1% 
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Table 2. Rhizoctonia Root Rot mean scores of four replications from the NE-08 set 
(163 entries) of common beans. 
Line Mean † 
Beryl-R 8.9 
SEN 21 5.8 
Poncho 9.0 
Marquis 7.9 
Orion 9.0 
IPO8-1 8.2 
IPO8-2 8.0 
PT7-8 5.6 
USRM-20 6.6 
PT7-2 7.7 
GN7-9 8.7 
SEN 20 6.0 
SER 26 8.7 
CO 46348 8.5 
SEN 3 5.5 
LEF 2RB 5.3 
Matterhorn 9.0 
SER 22 4.8* 
Line Mean † 
SER 10 6.0 
ABCP 8 7.5 
ABCP 17 8.1 
USPT-CBB-1 7.0 
USCR-CBB-20 7.7 
USDK-CBB-15 5.8 
USWK-CBB-17 8.7 
USPT-CBB-6 7.3 
ABC WEIHING 9.1 
GN STAR 8.7 
RIO TIBAGI 5.8 
NEB 1 SEL. 27 9.0 
SIERRA 7.1 
GRAND MESA 8.6 
CO23704 7.7 
CO 96731 7.1 
Bill Z 7.2 
US-1140 9.0 
Line Mean † 
Buster 6.9 
Common Pinto 7.4 
Montrose 7.9 
SDIP-1 8.8 
EXRICO 8.9 
CO 83810 7.2 
Eclipse 7.8 
01-253R-02-01-
03-05 
6.7 
NE25-07-02 8.5 
Maverick 6.0 
Lariat 8.0 
Stampede 6.4 
ND-307 6.9 
ND041062-1 9.0 
NDZ06218 6.2 
NDZ06219 5.7 
NORSTAR 8.5 
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Line Mean † 
ND021717 6.2 
ND021835 5.4 
ND021857 5.3 
01-253R-05-03-
02-01 
7.5 
01-246-03-03-
01-03 
7.8 
NE25-07-01 9.0 
NE25-07-03 8.5 
NE25-07-04 8.6 
NE25-07-05 8.7 
NE25-07-06 8.5 
NE25-07-07 8.5 
NE25-07-08 8.7 
NE25-07-09 9.1 
NE25-07-10 9.0 
NE25-07-11 9.0 
NE25-07-12 8.3 
NE25-07-13 9.1 
NE25-07-15 8.6 
Line Mean † 
NE25-07-17 5.7 
NE25-07-18 6.5 
NE25-07-19 6.9 
NE25-07-20 6.4 
NE25-07-21 7.5 
NE25-07-22 7.7 
NE25-07-23 7.6 
98059-6-2-1 7.3 
T-21 7.2 
PT-47 7.5 
PT-34 7.2 
SEN 10 5.3 
VAX 1 5.6 
BAT 477 4.2* 
VAX 3 5.1 
SEA 15 5.3 
SEA 5 7.3 
RAB 655 6.5 
A774 4.6 
VAX 6 5.7 
Line Mean † 
SER 21 5.7 
ICA PIJAO 4.8 
G21212 6.5 
A686 6.8 
SEC 5 6.9 
SEN 22 7.0 
VAX 2 6.0 
TB1 5.1 
VAX 4 7.5 
SER 16 8.3 
UI 239 6.9 
ND072306 8.9 
ND020069 7.3 
PI-200902 7.5 
PI-209480 7.9 
PI-307780 8.9 
PI-310800 7.7 
PI-310801 5.6 
PI-310802 8.6 
PI-310803 7.9 
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Line Mean † 
PI-312122 8.5 
PI-319447 9.0 
PI-321637 7.8 
PI 321638 8.7 
PI 440785 7.7 
PI 440794 8.4 
PI 440798 8.3 
PI 440799 7.3 
PI 440801 8.1 
PI 440802 7.3 
PI 440803 7.3 
PI 440805 5.0 
PI 440806 7.4 
PI 462025 5.6 
PI 477032 5.3 
PI 477033 6.8 
PI 477034 7.1 
PI 477037 4.8* 
PI 535228 8.9 
PI 165455 5.4 
Line Mean † 
PI 165462 7.4 
PI 165466 6.3 
PI 207279 4.3* 
PI 207389 6.2 
PI 307780 8.6 
PI 309881 7.5 
PI 310739 5.4 
PI 310761 9.0 
PI 313727 4.9* 
PI 533312 4.9* 
PI 533332 6.8 
PI 533373 5.0 
PI 313701 4.3* 
PI 288016 4.7* 
PI 200967 3.7* 
PI 208774 5.4 
PI 310668 3.0* 
PI 325722 7.2 
PI 533249 3.1* 
PI 417754 5.2 
Line Mean † 
PI 449412 6.7 
PI 311807 4.0* 
PI 533476 6.7 
PI 325630 5.3 
PI 417743 6.0 
PI 310546 6.5 
PI 417657 6.2 
PI 307802 8.5 
PI 311853 5.0 
PI 307816 5.2 
PI 476751 5.4 
PI 325721 6.0 
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LSD (0.05): 1.74;  CV%: 17.8  
Overall mean: 7.02 
†Mean of root score based on a scale 1 to 9. 1 to 3= resistant; 4 to 6= intermediate; 7 to 
9= susceptible (Schoonhoven and Pastor-Corrales, 1987) 
 
Table 3. Analysis of variance of the alpha lattice design for 164 entries/treatments, 
organized in 41 incomplete blocks, of the nursery entries from NE-08. 
Source Num DF Den DF F Value Pr > F* 
Replication 3 160 10.24 <.0001 
Treatment 163 329 5.19 <.0001 
*Significant at 1% 
 
 
 
Table 4. Contrast estimate between replication 1, 2 and 3,4 of the alpha lattice 
design of the nursery entries from NE-08.  
  Estimate Standard Error DF t Value     Pr > |t|* 
R1 R2 vs R3 R4 -1.2378 0.2322 160 -5.33  <0.0001 
*Significant at 1
  
  
Table 5. Sources of partial resistance to Rhizoctonia Root Rot from the NE-08 entries. Species, country, origin, growth habit, 
seed color resistance to diseases or tolerance to abiotic stress; rhizoctonia mean score; and rhizoctonia mean score 
confirmation test for resistance. 
Line Species/Country Origin Growth habit+ Seed color Mean† Mean†† 
PI 310668 
P. vulgaris/Guatemala NPGS II Black 3.0 2.7 
PI 533249 
P.vulgaris/Mexico NPGS III Black 3.1 3.5 
PI 200967 
P. vulgaris/Guatemala NPGS III Black 3.7 3.2 
PI 311807 
P. vulgaris/Guatemala NPGS III Dark red 4.0 1.7 
BAT 477 
P. vulgaris CIAT III Cream 4.2 3.7 
PI 207279 
P. vulgaris/Colombia NPGS III Light brown 4.3 2.4 
PI 313701 
P. vulgaris/Mexico NPGS Mixed Black 4.3 3.2 
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Line Species/Country Origin Growth habit+ Seed color Mean† Mean†† 
A774 
P. vulgaris/Brazil CIAT III Cream 4.6 3.1 
PI 288016 
P. vulgaris/Nicaragua NPGS II Black 4.7 2.6 
PI 477037 
P.acutifolius/Arizona, US NPGS IV Speckled brown 4.8 2.4 
SER 22 
P. vulgaris CIAT II Small red 4.8 2.6 
ICA PIJAO 
P. vulgaris/Colombia CIAT II Purple black 4.8 2.4 
PI 313727 
P. vulgaris/Mexico NPGS III Cream 4.9 2.4 
PI 533312 
P. vulgaris/Mexico NPGS II Black 5.0 3.9 
PI 311853 
P. vulgaris/Guatemala NPGS III Red 5.0 3.1 
+Growth habit: I= determinate bush; II= indeterminate upright; III= indeterminate semipostrate vine; IV= indeterminate climbing vine 
†Mean of root score based on a scale 1 to 9. 1 to 3= resistant; 4 to 6= intermediate; 7 to 9= susceptible (Schoonhoven and Pastor-
Corrales, 1987) Overall mean: 7.02; LSD (0.05*): 1.74; CV%: 17.8 ††Mean of root score based on a scale 1 to 9. Confirmation of 
resistant of top 15 lines for Rhizoctonia Root Rot. Overall mean: 3.26; LSD (0.05*): 1.66; CV%: 36.33 
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Table 6. Correlation between Rhizoctonia Root Rot and drought tolerance for all the entries of the NE-08. Pearson’s 
correlation coefficients, N=162. Prob>|r| under H0:Rho=0.   
 
 
Mean† NSC DSC GMC NSM DSM GMM DSF NSF GMF 
Mean† 1 0.03744 0.0571 0.0558 0.10262 0.02718 0.07234 0.08906 -0.1744** -0.0344 
**P < 0.05 
†Mean of root score based on a scale 1 to 9. 1 to 3= resistant; 4 to 6= intermediate; 7 to 9= susceptible (Schoonhoven and 
Pastor-Corrales, 1987) 
Drought tolerance measured yield kg*ha-1 under stress and non stress conditions. NSC: Non-stress combined; DSC: Drought 
stress combined; GMC: Geometric mean combined; NSM; Non-stress at Mitchell, NE; DSM; Drought stress at Mitchell. NE; 
GMM; Geometric mean at Mitchell, Ne; DSF: Drought stress at Fortuna, PR; NSF: Non-stress at Fortuna, PR; GMF: 
Geometric mean at Fortuna, PR 
Drought tolerance data was provided by Dr. Carlos Urrea 
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Table 7. Correlation between Rhizoctonia Root Rot and drought tolerance according to cultivars, experimental lines, 
tepary beans and entries from the NPGS of the NE-08 set. Pearson’s correlation coefficients, N=23. Prob>|r| under 
H0:Rho=0.   
  Mean NSC DSC GMC NSM DSM GMM DSF NSF GMF 
Mean/Cultivars N=23 1 
-0.19 0.12 -0.02 0.01 0.05 0.04 0.21 -0.51* -0.19 
Mean/Exp. lines N=79 1 
-0.12 -0.12 -0.13 0.02 -0.08 -0.04 -0.17 -0.30* -0.27** 
Mean/Tepary N=29 1 
0.09 -0.20 -0.08 -0.04 -0.22 -0.16 0.21 0.05 0.16 
Mean/NPGS  N=31 1 
-0.24 -0.10 -0.22 -0.07 -0.21 -0.17 -0.36** 0.22 -0.12 
*P < 0.01; **P < 0.05 
Drought tolerance measured yield kg*ha-1 under stress and non stress conditions. NSC: Non-stress combined; DSC: Drought 
stress combined; GMC: Geometric mean combined; NSM; Non-stress at Mitchell, NE; DSM; Drought stress at Mitchell. NE; 
GMM; Geometric mean at Mitchell, Ne; DSF: Drought stress at Fortuna, PR; NSF: Non-stress at Fortuna, PR; GMF: 
Geometric mean at Fortuna, PR. Drought tolerance data was provided by Dr. Carlos Urrea 
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Table 8. Entries from the NE-08 selected for partial resistance of Rhizoctonia Root Rot and drought tolerance (Yield Kg ha-1).  
Line  Source Origin Growth habit Seed color Mean†  NSC*  DSC** GMC***  
A774  Cultivar CIAT Brazil III Cream 4.6 2194 1429 1771 
SEA 15  Exp. lines CIAT III Red 5.3 2146 1517 1804 
LEF 2RB  Exp. lines Colorado, US III Cream stripped 5.3 2430 1725 2047 
PI 310739  NPGS Guatemala III/IV Black 5.4 1714 1416 1558 
VAX 1  Exp. lines Idaho, US III Carioca 5.6 2327 1404 1807 
NE25-07-17  Exp. lines Nebraska, US II Pinto 5.7 2476 1574 1974 
PI 476751  NPGS Guatemala III Dark red 6.0 1624 1543 1583 
Maverick  Cultivar ND, US II Pinto 6.0 2438 1519 1925 
Stampede  Cultivar ND, US II Pinto 6.4 2321 1674 1971 
NE25-07-18  Exp. Lines Nebraska, US II Pinto 6.5 2179 1715 1933 
†Mean of root score based on a scale 1 to 9. 1 to 3= resistant; 4 to 6= intermediate; 7 to 9= susceptible (Schoonhoven and Pastor-
Corrales, 1987); * NSC: Non stressed combined. **DSC: Drought stress combined. *** GMC: Geometric mean combined. Growth 
habit: I= determinate bush; II= indeterminate upright; III= indeterminate semipostrate vine; IV= indeterminate climbing vine. Overall 
mean: 7.02; LSD (0.05*): 1.74; CV%: 17.8 
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Table 9. Rhizoctonia Root Rot mean score of four replications from the NE-14 set 
(112 entries of beans)  
Line code 
Mean† 
NE14-08-6 5.2 
NE14-08-7 4.9
* 
NE14-08-8 5.7 
NE14-08-9 4.1
* 
NE14-08-11 5.7 
NE14-08-12 4.8
* 
NE14-08-13 5.1 
NE14-08-23 5.1 
NE14-08-26 6.2 
NE14-08-27 5.2 
NE14-08-31 6.4 
NE14-08-33 4.5 
NE14-08-43 6.4 
Line code 
Mean† 
NE14-08-49 5.4 
NE14-08-52 7.3 
NE14-08-54 6.5 
NE14-08-55 4.7
* 
NE14-08-59 7.3 
NE14-08-60 7.6 
NE14-08-61 8.4 
NE14-08-62 8.7 
NE14-08-67 7.0 
NE14-08-74 7.7 
NE14-08-75 7.9 
NE14-08-76 7.7 
NE14-08-77 8.3 
Line code 
Mean† 
NE14-08-78 8.3 
NE14-08-79 7.9 
NE14-08-80 8.2 
NE14-08-91 6.3 
NE14-08-96 6.5 
NE14-08-104 7.3 
NE14-08-109 7.3 
NE14-08-110 6.3 
NE14-08-112 7.9 
NE14-08-114 6.8 
NE14-08-115 7.3 
NE14-08-116 6.2 
NE14-08-119 7.1 
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Line code 
Mean† 
NE14-08-125 7.2 
NE14-08-126 7.0 
NE14-08-131 6.1 
NE14-08-132 6.4 
NE14-08-134 4.8
* 
NE14-08-137 7.3 
NE14-08-138 5.8 
NE14-08-139 6.8 
NE14-08-140 6.1 
NE14-08-145 6.5 
NE14-08-146 6.4 
NE14-08-151 7.8 
NE14-08-152 6.3 
NE14-08-153 6.0 
NE14-08-169 8.6 
Line code 
Mean† 
NE14-08-176 4.3
* 
NE14-08-181 4.2
* 
NE14-08-187 5.8 
NE14-08-189 8.1 
NE14-08-191 5.8 
NE14-08-194 4.5
* 
NE14-08-196 4.9
* 
NE14-08-199 5.7 
NE14-08-211 6.6 
NE14-08-212 7.2 
NE14-08-214 6.9 
NE14-08-218 7.5 
NE14-08-221 6.1 
NE14-08-222 7.0 
NE14-08-223 5.6 
Line code 
Mean† 
NE14-08-225 4.7
* 
NE14-08-227 7.0 
NE14-08-228 6.6 
NE14-08-229 6.4 
NE14-08-233 6.8 
NE14-08-234 6.8 
NE14-08-238 6.0 
NE14-08-240 8.0 
NE14-08-242 6.2 
NE14-08-247 6.1 
NE14-08-251 7.4 
NE14-08-253 7.5 
NE14-08-262 7.8 
NE14-08-265 5.9 
NE14-08-267 7.7 
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Line code 
Mean† 
NE14-08-272 6.0 
NE14-08-274 4.7
* 
NE14-08-276 7.0 
NE14-08-277 4.6
* 
NE14-08-278 4.1
*
 
NE14-08-279 7.0 
NE14-08-281 5.7 
NE14-08-282 5.9 
NE14-08-286 4.8
*
 
NE14-08-292 6.8 
Line code 
Mean† 
NE14-08-293 7.1 
NE14-08-295 8.4 
NE14-08-297 5.7 
NE14-08-298 6.6 
NE14-08-299 5.9 
NE14-08-303 7.4 
NE14-08-304 6.2 
NE14-08-305 6.2 
NE14-08-307 6.3 
NE14-08-308 5.9 
Line code 
Mean† 
NE14-08-309 6.4 
NE14-08-310 4.2
* 
NE14-08-311 5.2 
NE14-08-314 6.3 
NE14-08-315 8.0 
NE14-08-317 5.4 
NE14-08-318 7.0 
Pinto UI 114 7.8 
†Mean of root score based on a scale 1 to 9. 1 to 3= resistant; 4 to 6= intermediate; 7 to 
9= susceptible (Schoonhoven and Pastor-Corrales, 1987) 
Overall mean: 6.43; LSD (0.05*): 1.79; CV%: 19.9; **P < 0.01 
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Table 10. Analysis of variance of the alpha lattice design for 112 entries/treatments, 
organized in 28 incomplete blocks, of the nursery NE-14 
Effect Num DF Den DF F Value Pr > F* 
Replication 3 108 16.25 <.0001 
Treatment 111 225 3.13 <.0001 
*Significant at 5% 
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Table 11. Sources of partial resistance to Rhizoctonia Root Rot from the shuttle 
breeding program between Puerto Rico and Nebraska. NE-14 set of entries. 
Line code 
Pedigree 
Mean† Mean†† 
NE14-08-278 (Tacana x VAX6 4.1 2.7 
NE14-08-9 (BAT 477xTLP 19)x('BelMiDak RMR10xB01741) 4.1 4.4 
NE14-08-181 BAT 477xL88-63 4.2 3.1 
NE14-08-310 (P00646)x('TARS PT03-1) 4.2 5.7 
NE14-08-176 (Black Rhino)x(SEN 10 4.3 3.7 
NE14-08-33 BAT 477xL88-63 4.5 4.4 
NE14-08-194 (Tacana x VAX6 4.5 3.4 
NE14-08-277 (Tacana x VAX6 4.6 4.2 
NE14-08-225 (Tacana x VAX6 4.7 3.1 
NE14-08-55 (BAT 477xL88-63)x('BelMiDak RMR10xB01741) 4.7 3.6 
NE14-08-274 BAT 477xTLP 19 4.7 4.0 
NE14-08-12 (BAT 477xTLP 19)x('BelMiDak RMR10xB01741) 4.7 2.6 
NE14-08-286 (DOR 364xTLP 19)x('A774) 4.8 2.7 
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Line code 
Pedigree 
Mean† Mean†† 
NE14-08-134 Merlotx(05F-5055-1x98020-3-1-6-2) 4.8 5.1 
NE14-08-196 (EAP 9503-32A)x(A774 4.9 2.9 
NE14-08-7 (BAT 477xTLP 19)x('BelMiDak RMR10xB01741) 4.9 - 
NE14-08-23 (Black Rhino)x(SEN 10 5.1 - 
NE14-08-13 (BAT 477xTLP 19)x('BelMiDak RMR10xB01741) 5.1 - 
NE14-08-6 (MoralesxXAN 176)x('BAT 477xB98311) 5.2 - 
Overall Mean  6.43 3.26 
LSD (0.05)  1.79 1.66 
CV%  19.9 36.33 
†Mean of root score based on a scale 1 to 9. 1 to 3= resistant; 4 to 6= intermediate; 7 to 
9= susceptible (Schoonhoven and Pastor-Corrales, 1987) 
††Mean of root score based on a scale 1 to 9. Confirmation of resistant of top 15 lines for 
Rhizoctonia Root Rot. 
 
 
 
  
 
Table 12. Correlation between Rhizoctonia Root Rot and drought tolerance for all the entries of the NE-14. Pearson’s 
correlation coefficients. Prob>|r| under H0:Rho=0.   
  Mean DSC NSC GMC DSM NSM GMM DSF NSF GMF 
Mean 1 0.2308** 0.1877** 0.22736** 0.28916* 0.26173** 0.28916* 0.13631 -0.0306 0.08151 
N 111 111 111 111 94 94 94 111 111 111 
*P < 0.01; **P < 0.05 
†Mean of root score based on a scale 1 to 9. 1 to 3= resistant; 4 to 6= intermediate; 7 to 9= susceptible (Schoonhoven and Pastor-
Corrales, 1987) 
Drought tolerance measured as yield (kg ha-1) under stress and non stress conditions. NSC: Non-stress combined; DSC: Drought stress 
combined; GMC: Geometric mean combined; NSM; Non-stress at Mitchell, NE; DSM; Drought stress at Mitchell. NE; GMM; 
Geometric mean at Mitchell, Ne; DSF: Drought stress at Fortuna, PR; NSF: Non-stress at Fortuna, PR; GMF: Geometric mean at 
Fortuna, PR. Drought tolerance data was provided by Dr. Carlos Urrea 
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Table 13. Correlation between Rhizoctonia Root Rot and drought tolerance for all the entries of the NE-14 according to 
pedigree. Pearson’s correlation coefficients. Prob>|r| under H0:Rho=0.   
Pedigree DSC NSC GMC DSM NSM GMM DSF NSF GMF N 
(BAT 477xL88-63)x('BelMiDak RMR10xB01741) 0.27 -0.08 0.15 0.55 0.27 0.55 0.07 -0.35 -0.22 9 
(BelMiDak RMR10xB01741)x('BAT 477xL88-63) 0.25 0.12 0.24 0.16 0.09 0.16 0.47 0.33 0.60 6 
(Black Rhino)x(SEN 10 -0.81 -0.65 -0.75 -0.77 -0.32 -0.77 0.68 0.09 0.70 5 
(DOR 364xTLP 19)x('A774) 0.39 0.66 0.53 -0.99* -0.31 -0.99* -0.12 0.55 0.36 6 
(Matterhorn)x(SEN 10 0.79 0.74 0.81** 0.11 -0.41 0.11 0.49 0.13 0.40 6 
(Matterhorn)x(SER 21                           -0.09 0.31 0.12 -0.01 0.44 -0.01 -0.55 0.00 -0.55 12 
(MoralesxXAN 176)x('BAT 477xB98311) -0.25 -0.36 -0.30 . . . -0.99 -0.77 -0.87 3 
(P00646)x('TARS PT03-1) -0.27 -0.48 -0.36 -0.37 -0.43 -0.37 0.86 -0.83 0.35 3 
(Tacana x VAX6 0.51 0.31 0.44 0.57 0.38 0.57 -0.18 -0.19 -0.23 9 
(USPT-ANT)x('Matterhornx98078-5-1-5-1) 0.49 0.39 0.57 0.54 0.25 0.54 0.59 0.49 0.58 6 
(XAN 176xMatterhorn)x('EAP 9503-32Ax) 0.42 0.49 0.45 -0.23 -0.11 -0.23 0.02 0.62 0.34 6 
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Pedigree DSC NSC GMC DSM NSM GMM DSF NSF GMF N 
BAT 477xB98311 -0.79 -0.26 -0.62 -0.92** 0.47 -0.92** 0.38 -0.90** -0.20 6 
Merlotx(05F-5055-1x98020-3-1-6-2) 0.36 0.20 0.29 0.62 0.01 0.62 0.34 0.16 0.39 9 
Merlotx(98020-3-1-6-2xTacana) 0.06 -0.27 -0.04 0.34 -0.25 0.34 0.31 -0.13 0.37 6 
Merlotx(MerlotxSER 16) 0.47 0.22 0.39 0.50 0.33 0.50 -0.08 -0.29 -0.28 10 
*P < 0.01; **P < 0.05 
Drought tolerance measured as yield (kg ha-1) under stress and non stress conditions. NSC: Non-stress combined; DSC: Drought stress 
combined; GMC: Geometric mean combined; NSM; Non-stress at Mitchell, NE; DSM; Drought stress at Mitchell. NE; GMM; 
Geometric mean at Mitchell, Ne; DSF: Drought stress at Fortuna, PR; NSF: Non-stress at Fortuna, PR; GMF: Geometric mean at 
Fortuna, PR.  N: Number of entries per pedigree. Drought tolerance data was provided by Dr. Carlos Urrea 
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Table 14. Entries from the NE-14 set selected for partial resistance of Rhizoctonia Root Rot and drought tolerance (Yield kg 
ha-1).  
Line code Pedigree Seed type Mean DSC NSC GMC 
NE14-08-176 (Black Rhino)x(SEN 10 Black 4.3 1867 2573 2192 
NE14-08-225 (Tacana x VAX6 Black 4.7 1502 2576 1967 
NE14-08-307 (Tacana x VAX6 Black 6.3 1488 3084 2142 
NE14-08-314 (Tacana x VAX6 Black 6.3 1609 2807 2125 
NE14-08-253 (USPT-ANT)x('Matterhornx98078-5-1-5-1) Great northern 7.5 1966 2270 2113 
NE14-08-76 (BelMiDak RMR10xB01741)x('BAT 477xL88-63) Navy 7.7 1808 2321 2048 
NE14-08-79 (BelMiDak RMR10xB01741)x('BAT 477xL88-63) Navy 7.9 2010 2660 2312 
NE14-08-218 (Matterhorn)x(SER 21 Pinto 7.5 1667 2870 2187 
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NE14-08-265 (ABCP8)x(TARS-PT03-1xVAX 6 Pinto 5.9 1860 2659 2224 
NE14-08-310 (P00646)x('TARS PT03-1) Pinto 4.2 1635 2277 1930 
NE14-08-132 (Matterhorn)x(SER 21 Red 6.4 1859 2714 2246 
NE14-08-303 Merlotx(MerlotxSER 16) Red 7.4 2045 2460 2243 
†Mean of root score based on a scale 1 to 9. 1 to 3= resistant; 4 to 6= intermediate; 7 to 9= susceptible (Schoonhoven and Pastor-
Corrales, 1987). NSC: Non stressed combined. DSC: Drought stress combined. GMC: Geometric mean combined 
Overall mean: 6.43; LSD (0.05*): 1.79; CV%: 19.9; **P < 0.01 
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Figure 1. Rhizoctonia Root Rot
scale (Schooven and Pastor
†Screening scale from 1 to 9. 
(Schoonhoven and Pastor
1. 0% of infection. No visible symptoms
2. 10% of infection.  Small superficial lesion in roots (3mm). Normal plant 
development 
3.  10-20% of infection. Small superficial lesion surrounding hypocotyls or roots (3
5mm). Normal plant development.
4. 20-35% of infection. Small deep lesion surrounding hypocotyls or
Normal plant development. 
 screening scale† for common bean based 
-Corrales, 1987) 
Resistant: 1 to 3; Intermediate: 4 to 6; Susceptible: 
-Corrales, 1987) 
. Normal plant development.
 
 
80 
on CIAT 
 
7 to 9 
  
-
 roots (3-5mm). 
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5. 35-50% of infection. Deep lesion surrounding hypocotyls or roots (3-5mm). 
Secondary roots and plant development reduced. 
6. 50-65% of infection. Deep lesion surrounding hypocotyls or roots (5-10mm). Few 
secondary roots visible. Plant development highly reduced. 
7. 65-80% of infection. Deep lesion surrounding hypocotyls or roots (10mm). Few 
or no secondary roots visible. Elongation of hypocotyl, and no formation of first 
tripholiate 
8. 80-95% of infection. Emergence followed by decapitation of cotyledon and 
absence of secondary roots. 
9. 95 – 100% of infection. All seed infected. No emergence. 
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Figure 2. Interaction plot between five varieties of disease rating score (estimate) of 
Phaseolus vulgaris inoculated with three isolates of Rhizoctonia solani in two 
environments (locations). Upper: Greenhouse 26°C, Lower: Incubator 19°C. 
 
 
V1: UI 114      I1: WN-11   AG-2-2IV 
V2: Morales     I2: WN-116  AG-2-2IIIB/LP    
V3: TARS 08107-3299    I3: WN-293  AG-4 HGIII 
V4: TARS 08109-3409 
V5: TARS 08114-4351 
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Figure 3. Interaction plot between five varieties of disease rating score (estimate) of 
Phaseolus vulgaris inoculated with three isolates of Rhizoctonia solani using the 
means of both environments (locations: Greenhouse 26°C, incubator 19°C). 
 
 
 
 
 
 
V1: UI 114      I1: WN-11   AG-2-2IV 
V2: Morales     I2: WN-116  AG-2-2IIIB/LP    
V3: TARS 08107-3299    I3: WN-293  AG-4 HGIII 
V4: TARS 08109-3409 
V5: TARS 08114-4351 
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Figure 4. Interaction plot of three isolates of disease rating score (estimate) of R. 
solani inoculated in five bean varieties, of both environments (locations: Greenhouse 
26°C, incubator 19°C).  
.  
 
 
V1: UI 114      I1: WN-11   AG-2-2IV 
V2: Morales     I2: WN-116  AG-2-2IIIB/LP    
V3: TARS 08107-3299    I3: WN-293  AG-4 HGIII 
V4: TARS 08109-3409 
V5: TARS 08114-4351 
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APPENDIX 
 
 
A1. Rhizoctonia Root Rot Screening Protocol for Dry Beans 
1. Grow Rhizoctonia solani isolate* (stored in sugar beet seeds) in water agar for 3 to 5 
days at room temperature (22±1°C). 
2. Transfer one plug (6 mm) into a Petri dish containing Potato Dextrose Agar (PDA) 
and incubate for 3 to 5 days at room temperature (22±1°C). 
3. Autoclave soil** for 15 to 20 min 
4. Autoclave Potato Dextrose Broth (PDB) for 15 to 20 min.  
5. Place 100cc of soil**plus 30 ml of PDB plus 20 plugs (6 mm each) of R. solani from 
the margins of the PDA plates in a deep Petri dish. 
6. Incubate for 15 days at 22°C.  
7. Mix each Petri dish with steamed soil in a ratio 1:10 (one Petri dish mixture per 900cc 
of soil**) 
8. Plant 5 bean seeds per 4-in pot and cover them with 100cc of inoculum. 
9. Water daily or as needed without flooding the pots. 
10. Grow inoculated plants 15 days in greenhouse (22-26°C). 
11. Remove plants from the pots and wash the roots gently.  
12. Use 1 to 9 CIAT scale to score disease (van Schoonhoven and Pastor-Corrales, 1987) 
• 1 to 3 = resistant 
• 4 to 6 = intermediate  
• 7 to 9 = susceptible 
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13. Use at least 4 replications in each experiment. 
14. Perform statistical analysis.  
* We used isolates WN-11 (AG-2-2 IV), WN-116 (AG-2-2 IIIB/LP, WN-293 (AG-4 
HGIII). 
** If preferred, mix 3 parts soil and 1 part sand to simulate sandy loam field conditions 
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CHAPTER 2 
Mapping a New Source of Resistance of Common Bean Rust from the Tertiary 
Gene Pool of Common Bean 
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ABSTRACT 
 
A new source of resistance of Common Bean Rust from the tertiary gene pool of 
common beans was mapped. Two linkage maps from RILs of a reciprocal interspecific 
cross between Phaseolus acutifolius (A) (G40022) and Phaseolus parifolius (P) 
(G40186) (G40022 x G40186 (AP) and G40186 x G40022 (PA)) were constructed. 
Segregation distortion was present in both RIL populations, with 20% and 17% of 
distortion respectively. A total cumulative map length for the AP population was 746 cM, 
with an average chromosome length of 62.2 cM and an average distance between markers 
of 11.3 cM. In the PA RIL population, the total cumulative map length was 920.8 cM, 
with an average chromosome length of 61.4 cM; and the average distance between 
markers distributed in this map was 11.3cM. The QTL analyses revealed a putative QTL 
located on the linkage group LG5 of the AP RIL population, located at 67.7 cM and it 
had a LOD 20.1. The threshold score was LOD 19.1 which was set by 1000 
permutations. Both linkage maps constructed in this study allowed identifying the 
direction and segregation of a declared marker (BM189) linked to rust resistance in the 
AP RIL population. However, due to the distance between the marker and this putative 
QTL (14.5 cM), more molecular markers are needed to saturate the map and be able to 
identify a marker at least at 5 cM from the QTL.    
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INTRODUCTION 
 
Common beans (Phaseolus vulgaris L.) are arguably the most important legume crop in 
the world. It is part of a group of five domesticated and cultivated species of the genus 
Phaseolus that has over 50 different species. The cultivated species include lima bean (P. 
lunatus L.), runner bean (P. coccineus L.), year-bean (P. polyanthus Greenman), and 
tepary bean (P. acutifolius A. Gray). Excellent sources of important traits such as disease 
resistance or abiotic stress tolerance may come from the secondary and tertiary gene pool 
of P. vulgaris.  
 
Tepary bean belongs to the tertiary gene pool of P. vulgaris, and is a minor traditional 
crop grown in dry regions of Central America, Northwest Mexico and Southwestern USA 
(Singh, 1992). It is highly adapted to hot arid climates and higher yields can be achieved 
in heat stressed environments compared to dry beans (Rainey and Griffiths, 2005; Scully 
and Waines, 1988; Miklas et al., 1994). Some levels of resistance to diseases are found in 
tepary bean, making it a potential donor to improve dry bean. For instance, high levels of 
resistance to ashy stem blight and Fusarium wilt (Miklas et al., 1998), drought (Federici 
et al., 1990), Common Bacterial Blight (Schuster et al., 1983; Urrea et al., 1999), some 
resistance to bean golden yellow mosaic virus and rust resistance (Miklas and Stavely, 
1998), have also been reported.  
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Even though tepary beans share the same number of chromosomes (n=11) and similar 
karyotypes with common bean, introgression of these traits into the P. vulgaris genome is 
very hard to achieve due to genetic incompatibilities. However, there have been several 
efforts have been done to overcome these barriers including embryo rescue (Andrade-
Aguilar and Jackson, 1983; Mejia-Jimenez et al., 1994; Rainey and Griffiths, 2005), 
several backcrosses to the recurrent parent and in some cases congruity backcrosses to 
recover the fertility and a larger number of hybrid progenies (Mejia-Jimenez et al., 1994).   
 
Furthermore, Rust of Dry Beans caused by Uromyces appendiculatus (Pers: Pers) Unger 
is a serious disease that affects large production regions and causes economic loss around 
the world. It is widely distributed and causes major production problems in humid 
temperate, humid tropical and subtropical regions such as Latin America and eastern and 
southern Africa (Stavely and Pastor-Corrales, 1989). In the US it has caused periodic 
epidemics in eastern Colorado, western Nebraska and some regions of the Central High 
Plains; at times exceeding 50% yield losses (Haveson et al., 2007). 
 
Sources of resistance have been reported (Stavely and Pastor-Corrales, 1989) and 
different resistant cultivars have been developed and released (Park et al., 2003). These 
cultivars have single genes as well as two or more genes (Mmbaga, 1996). However, 
resistance is often overcome by the pathogen, breeding strategies for rust resistance have 
been difficult to define. Although nonspecific resistance has been studied (Mmbaga, 
1996) because disease reactions may differ between seedling and adult plants. Nine genes 
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have been mapped on the consensus linkage map of P. vulgaris. These are Ur-3, Ur-4, 
Ur-5, Ur-6, Ur-7, Ur-9, Ur-11, Ur-12 and Ur-13. Others have not been named yet but 
they are already tagged and located in the linkage map of dry bean (Kelly et al., 2003; 
Miklas et al., 2006).  
 
Pyramiding genes for durable resistance has been the aim of several breeding programs.  
There is evidence that combining resistance genes form the Andean and the 
Mesoamerican gene pool would be more effective (Pastor-Corrales and Liebenberg, 
2010), especially with the assistance of molecular markers which have become an 
important tool to locate these genes.  Several studies have been conducted to identify 
important traits such rust resistance not only in different germplasm of P. vulgaris but 
also in germplasm from the secondary and tertiary gene pools of dry beans. For instance, 
recombinant inbred populations have been developed from crossing closely related 
species such as  P. acutifolius with P. parvifolius to obtain appropriate levels of 
polymorphism for mapping (Blair et al., 2003), and thus allowing the identification of 
these traits.   
 
Different molecular markers have been used in germplasm characterizations and 
molecular genetics mapping for marker assisted selection. These include markers such as 
Random Fragment Length Polymorphism (RFLP), Random Amplified Polimorphic DNA 
(RAPD), Sequence Characterized Amplified Region (SCAR), Amplified Fragment 
Length Polymorphism (AFLP), Inter simple Sequence Repeat (ISSR), Simple Sequence 
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Repeat (SSR) and Sequence Related Amplified Polymorphism (SRAP). From all these, 
SSRs have greater advantages over the rest (Gaitan-Solis et al., 2002).  These are single 
locus markers; therefore, they detect one locus at a time, making them more informative 
than multilocus DNA fingerprinting.  They are codominant markers with mendelian 
inherintance (Yu et al., 2000), frequently and randomly distributed through eukaryotic 
genomes, and are also highly polymorphic and conserved. Yu et al. (2000) developed the 
first 37 SSRs for the bean genome and 15 were successfully assigned to seven linkage 
groups from the core mapping population BAT93 x Jalo EEP558. Another 150 SSRs 
were developed for common bean and evaluated for parental polymorphism (Blair et al., 
2003). Likewise, SRAPs are another promising tool for mapping and gene tagging. These 
markers are evenly distributed in the genome and amplify open reading frames (ORFs) 
(Li and Quiros, 2001). SRAPs have been easily amplified in crops such as rice, potato, 
lettuce, garlic, rapeseed, peas and a few examples have been reported in soybeans 
(Esposito et al., 2007; Ferriol et al., 2003; Li and Quiros, 2001; Zhongux et al., 2003). In 
common bean, SRAPs have been used to verify cultivars of red kidney, navy and pinto 
bean and to analyze the genetic relationships among them (Smutkupt et al., 2006).  
Another reliable molecular marker is the AFLP (Vos et al, 1995).  It is based on the 
digestion of genomic DNA with two restriction endonucleases (Eco RI and Mse I), 
followed by ligation of adapters, preamplification and a selective amplification using pair 
of Eco RI and Mse I selective primers. The selective amplification generates several 
marker loci per single assay, which are dominant, highly reproducible, and distributed 
along the genome. In common bean AFLPs have been used to study the diversity of wild 
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beans (Thome et al., 1996), Andean cultivated beans (Beebe et al., 2001), the relationship 
between wild and cultivated forms of P. lunatus, as well as in phylogeny, genomic 
linkage mapping and identification of cultivars. 
Despite reports of gene mapping for disease resistance using SSRs, and AFLPs, there are 
few reports of exploration of germplasm from the tertiary gene pool of common bean 
using SSRs and AFLPs, and none using SRAPs.  Therefore, the goal of this study was to 
construct a genetic map of two RIL populations from an interespecific reciprocal cross 
between P. acutifolius and P. parvifolius using SSRs, SRAPs and AFLPs markers; and to 
map a new source of resistance to bean rust from the tertiary gene pool of common beans.  
 
MATERIALS AND METHODS 
 
1. Plant material 
 
A reciprocal Recombinant Inbred Line (RIL) population was selected for this study. Two 
accessions from the International Center of Tropical Agriculture (CIAT) were the parents 
of this RIL population because of their variability especially for resistance to diseases (M. 
W. Blair, personal communication). One parent is a P. acutifolius (G40022), which is a 
cultivated species from Arizona, USA and the second is P. parvifolius (G40186), a wild 
species from Jalapa, Guatemala. Both species were from the tertiary gene pool of dry 
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bean. The G40022 x G40186 (AP) population was composed of 75 F6:8 RILs and its 
reciprocal G40186 x G40022 (PA) was composed of 73 F6:8 RILs.  
This RIL Population was screened by Venegas who found one parent G40022 to be  
resistant to Common Rust and the other one G40183 susceptible. The P. parvifolius 
accession was selected by CIAT as parent of these RILs because it can provide 
appropriate levels of polymorphism for maping when it is crossed with P. acutifolius 
(Blair et al., 2003). This population was also evaluated by Venegas (2008) to identify 
RAPD markers with linkage to disease resistance to rust, Common Bacterial Blight and 
Web Blight. The rust resistance was unusually bad in that the most virulent races of rust 
in the Steadman collection did not form any pustules on G40022 (Unpublished data).  
 
2. DNA Extraction 
 
The seed of the RILs were pregerminated and grown for 2 weeks in the greenhouse. Four 
young trifoliolate leaves (~100 mg wet weight) were collected from each RIL and placed 
in a 1.5 ml centrifuge tube. DNA extraction was conducted using DNeasy Plant Mini Kit 
from QIAGEN. The tissue was ground and homogenized using plastic mini-pestles with 
400 µl of AP1 buffer and 4µl of RNase A. Samples were mixed using a vortex and they 
were incubated for 10 min at 65°C.  Then, 130 µl of AP2 buffer was added to the samples 
and were incubated for 5 min on ice. The lysate was centrifuged at 14,000 rpm for 5 min 
and then it was pipetted into a QIA shredder Mini spin column in a 2 ml collection tube 
and centrifuged at 14,000 rpm for 2 min. The flow-through fraction was transferred into a 
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new tube without disturbing the pellet, and 1.5 volumes of buffer AP3/E were added and 
mixed by pipetting to precipitate the DNA. Then, 650 µl of the mixture was transferred 
into a DNeasy Mini spin column in a 2 ml collection tube and centrifuged at 8,000 rpm 
for 1 min. This step was repeated with the remaining sample. The spin column was 
placed into a new 2 ml collection tube and 500 µl of AW buffer was added and 
centrifuged at 8,000 rpm for 1 min. The flow through was discarded and another 500 µl 
of AW buffer was added to the spin column and centrifuged at 14,000 rpm. For DNA 
elution, the spin column was transferred to a new 1.5 ml microcentrifuge tube and 100 µl 
of AE buffer was added and incubated for 5 min at 22±1°C. Tubes were centrifuged at 
8,000 rpm for 1 min. This step was repeated once.  DNA was quantified using a Qubit™ 
fluorometer (Invitrogen, Carlsbad, CA, USA). DNA samples were diluted to a final 
concentration of 10 ng/µl. 
 
3. Microsatellite evaluation 
 
A total of 24 primer pairs of SSRs were selected for amplification on the RIL populations 
previously described (Table 1).  These primers were selected from all the SSRs designed 
for P. vulgaris because they were reported to be polymorphic in other crosses with P. 
acutifolius (M. W. Blair, personal communication). The PCR reactions were carried out 
in 96 well plates, containing 20 ng of genomic DNA, 0.1 µM of each forward and reverse 
primers, 10 mM Tris-HCL (pH= 7.2), 50 mM KCL , 1.5 mM MgCl2, 250 mM dNTPs and 
1 unit of Taq DNA polymerase. The temperature cycling of the initial denaturation was 
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94°C for 2 min, followed by 35 cycles of 94°C for 15 sec, an annealing temperature of 47 
to 54°C, depending on the primer combination, for 15 sec and an extension temperature 
of 72°C for 15 sec. Then a final extension of 72°C for 5 min. PCR products were loaded 
on 12% (w/v) denaturing polyacrylamide gels (37:1 acrylamide to bis-acrylamide) that 
contained 1X DGGE. Electrophoresis was at 300V constant power for 2 h.  PCR products 
were visualized on a UV transilluminator using ethidium bromide. 
 
4. SRAP evaluation 
 
A total of 100 primer combinations of SRAPs were selected for amplification on the 
parental accessions G40022 and G40186 (Table 2).  Only the combinations presenting 
polymorphic bands were used on both populations. The PCR reactions were carried out in 
96 well plates, containing 20 ng of genomic DNA, 0.1 µM of each primer combination, 
10 mM Tris-HCL (pH= 7.2), 50 mM KCL , 1.5 mM MgCl2, 200 mM dNTPs an 2 unit of 
Taq DNA polymerase. The temperature cycling of the initial denaturation was 94°C 
during 3 min, followed by 5 initial cycles of 94°C for 1 min for denaturation, 1 min at  
35°C  for anaealing and 1 min at 72°C for extention. Then 35 cycles of 94°C for 1 min, an 
annealing temperature of 47°C, for 15 sec and an extension temperature of 72°C for 15 
sec. Then a final extension of 72°C for 10 min. PCR products were loaded on 12% (w/v) 
denaturing polyacrylamide gels (37:1 acrylamide to bis-acrylamide) that contained 1X 
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DGGE. Electrophoresis was at 300V constant power for 2 h.  PCR products were 
visualized on a UV transilluminator using ethidium bromide. 
 
 
5. AFLP evaluation. 
 
The AFLP analysis was conducted using the Invitrogen AFLP® Analysis System I and 
AFLP® Starter Primer Kit. A total of four primer combinations previously known to be 
polymorphic to both parents of the RIL population (Blair, personal communication) were 
used for this study. A restriction digestion of genomic DNA was conducted by mixing 
5µl of 5X reaction buffer, 2 µl of the restriction endonucleases EcoR I and Mse I and 250 
ng of total genomic DNA contained in 18 µl. The mix was incubated for 2 h at 37°C, 
followed by 15 min incubation at 70°C to inactivate the enzymes. Immediately after the 
restriction digestion, 24 µl of adapter solution and 1 µl of T4 DNA ligase were added to 
the samples and incubated at 20°C for 2 h. The ligation mixture was diluted to 1:10 using 
TE buffer. The unused part was stored at -20°C. The preamplification reactions were 
performed using 5 µl of  the diluted template, 40 µl of preamp primer mix, 5 µl of 10X 
PCR buffer plus Mg and 1 µl Taq DNA polymerase (5 units/µl). Twenty cycles were 
performed at 94°C for 30 s, 56°C for 60 s and 72°C for 60 s and a soaking temperature of 
4°C. The samples were not denatured prior to the PCR to avoid the reduction of annealing 
efficiency of the primers. The products were diluted 1:50 using TE buffer; the unused 
reactions were stored at -20°C. The selective amplification was performed using 5 µl the 
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preapmlified diluted template DNA, 5 µl of Mix 1; which was composed of 5 µl diluted 
EcoR I (18 µl of primer plus 32 µl of distilled water) and 45 µl of Mse I; and 10 µl of 
Mix 2; which was composed by 79 µl of distilled water, 20 µl of 10X PCR buffer plus 
Mg and 1 µl of Taq DNA polymerase (5 units/µl). All the samples were mixed gently and 
the PCR was conducted. One cycle at 94°C for 30 s, 65°C for 30 s, and 72°C for 60 s was 
performed followed by a touchdown phase of 13 cycles, where the annealing temperature 
was decreased by 0.7°C each cycle. Then, there were 23 cycles at 94° for 30 s, 56°C for 
30 s, and 72°C for 60 s. 
 
After PCR, 20 µl of formamide dye were added to each reaction. The samples were 
heated at 90°C for 3 min and 3 µl were loaded on 6% (w/v) denaturing polyacrylamide 
gel (19:1 acrylamide to bis-acrylamide, 7.5 M urea, 1X TBE buffer). For gel preparation 
the short glass plate was treated with 1 µl of binging solution containing 3µl of Bind 
Silane, 95% ethanol, and 0.5 % glacial acetic acid. The large glass plate was treated with 
SigmaCote® to prevent the binding of the gel to both glasses. Electrophoresis was at 
1600V constant power for 3 h.  PCR products were visualized by silver staining. 
 
After electrophoresis the glass plates were carefully separated and the gel was strongly 
attached to the short glass plate. This was covered with 2 l of fix/stop solution containing 
10% glacial acetic acid and agitated for 20 min using agitation. The plate was washed 
with ultrapure water 3 times, 2 min each using agitation. Then, the plate was transferred 
to 2 l of staining solution containing 2 g AgNO3 and 3ml of 37% formaldehyde for 30 
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min using agitation. The plate was briefly dipped in ultrapure water and immediately 
placed in 2 l of chilled developing solution containing 60 g of Na2CO3, 3 ml of 37% 
formaldehyde and 400 µl of Sodium Thiosulfate (10mg/ml) until band were developed 
and visualized. To terminate the developing reaction, the plate was transferred to 2 l of 
fix/stop solution for 2 min. The plate was washed 2 times and dried at 22±°C. 
 
6. Data Analysis 
 
Each polymorphic band was scored as A if it was from parent G40022 (P. acutifolius) or 
B if it was from parent G40186 (P. parvifolius). Chi-Square was used to test for 
independence of segregation of SSRs, SRAPs and AFLPs loci in both AP and PA RIL 
populations.  Each linkage analysis was conducted with MapMaker EXE 3.0 (Lincoln et 
al., 1992) using Kosambi mapping function, a minimum logarithmic of odd ratio (LOD) 
score of 3.0 and a maximum distance of 37.2 cM. Linkage groups were constructed using 
the (group) command, followed by the (compare) command by mulfipoint analysis to 
determine the marker order. A subset of markers was obtained for those groups with 
more than 8 markers using a LOD of 5.0 and a maximum distance of 20 cM. Framework 
sets were created and additional markers were placed at the most likely interval using the 
(try) command and the final order of markers was confirmed using the (compare) 
command.  
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The data from the rust rating was provided by Venegas (2008) (Appendix 1 and 2). Both 
AP and PA RIL populations were screened with one race of Uromyces appendiculatus 
from Dominican Republic (DR07-1-4). The associations between molecular marker and 
phenotypic data were analyzed by interval mapping using Win QTL Cartographer 2.5 
(Wang et al., 2010). A walk speed of 1.0 cM was used initially to determine the QTL 
candidates and default value of LOD 2.5 (LR 11.5). The threshold value to declare a QTL 
was recalculated performing a 1000 permutation analysis. 
 
RESULTS 
 
Polymorphic primers 
 
A total of 126 primers were analyzed on the parents G40022 and G40183 (Table 1).  
Twenty-five of them were SSRs, previously known to be polymorphic for these parents; 
four AFLP primer combinations which were reported to present high levels of 
polymorphism in P. acutifolius. Thirteen Me-SRAP primers were combined with fifteen 
Em-SRAP primers (Table 2) for a total of 97 combinations analyzed in the parental lines 
(Table 3).  
 
Twenty-four out of 25 SSRs were polymorphic on the parents and they were tested in 
both G40022 x G40183 (AP) and G40183 x G40022 (PA) RIL populations. The 
percentage of polymorphic SSRs was 96%.  Sixty out of 97 combinations of Em and Me 
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SRAPs primers were polymorphic for both parents. However, only 30 were consistent in 
both populations, the remaining 30 produced different banding patterns making these 
primer combinations not reliable for mapping. Some of the 30 polymorphic SRAP 
markers produced multiple bands, and a total of 45 bands were scored for the mapping 
analysis with 30% polymorphic. Four AFLP primer combinations were analyzed in both 
AP and PA RIL populations, with a total of 175 bands from which 58 were polymorphic 
(Table 1). The percentage of polymorphic AFLPs was 33%. 
 
Segregation distortion of molecular markers. 
 
The Chi-square test performed at 1% significance level indicated a deviation of the 
observed genotypic frequencies from the expected value (1:1) on some of the SSR, SRAP 
and AFLP markers used in both AP and PA RIL populations (Table 1). Twenty-nine 
percent of the SSR were distorted in the AP RIL population, while 13% were distorted in 
PA. Segregation distortion was also present in 16% of SCAR markers in AP and 13% in 
PA, as well as 19% of AFLPs in AP and 24% in PA. 
 
 Two main types of segregation distortion were found on the distribution of the distorted 
markers. The first one represented the deviation from mendelian ratios toward either 
G40022 (P. acutifolius) or G40185 (P. parvifolius) and were widespread along the 
different marker types and linkage groups found on the initial map which contained 
distorted markers (data not shown). The second type of segregation distortion was found 
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in those markers distorted in the same direction. For instance, markers BMd33, BMd41, 
BMd47, SRAP52B, AFLP6 and AFLP19 were equally distorted in both AP and PA RIL 
populations and were directed to G40186 (P. parvifolius). With this type of distortion 
only two markers AFLP18 and AFLP58A were directed to G40022 (P. acutifolius) on 
both RIL populations (Table 3, 4, 5). All the 25 distorted markers from AP RIL 
population and 22 from PA which did not fit the expected ratio 1:1 (P > 0.01) were 
excluded from the final linkage map to increase the precision of mapping. 
 
Genetic mapping of G40022 x G40186 (AP) RIL population 
 
A total of 127 markers were placed in an initial linkage map (data not shown). However 
after excluding 25 distorted markers only 102 were used to create the final map. Sixty-six 
markers were successfully placed in 12 different linkage groups; while the remaining 36 
were unlinked even at LOD scores lower than 3.0.  A total cumulative map length for the 
AP population was 746 cM, with an average chromosome length of 62.2 cM (Table 7). 
However, the distribution of markers was variable along the linkage groups and while 
some of them had only two markers like linkage group (LG) 4, LG7, LG11 and LG12; 
others had six or more markers, like LG5, LG6  (Figure 1). The average distance between 
markers distributed in this map was 11.3 cM. 
 
Genetic mapping of G40186 x G40022 (PA) RIL population 
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Similar to the AP population, an initial map was constructed using all the amplified 
markers but only those showing segregation 1:1 were used to create the final linkage 
map. Sixty six markers were successfully located in 15 different linkage groups; while 
the remaining 36 were unlinked even at LOD scores lower than 3.0.  A total cumulative 
map length for the AP population was 920.8 cM, with an average chromosome length of 
61.4 cM (Table 8). The distribution of markers along the linkage groups was also 
variable, showing some with only two markers per linkage group while others exhibited 
more than eight (Figure 2) .The average distances between markers distributed in this 
map was 11.3 cM. 
 
Long gaps between markers were found in different groups of both linkage maps. For 
instance, in LG5 of mapping population AP there was a gap of 38.4 cM between AFLP20 
and SRAP72. Likewise, the LG2 from the PA population exhibited the largest gap on the 
map with 50 cM between SRAP13A and AFLP42 and up to 190 cM between BM201 and 
SRAP52C on the same linkage group (Table 7 and 8). 
 
Comparing both maps, LG4 of AP was similar to LG5 of PA, as well as LG6 of AP with 
LG7 of PA. These showed tightly linked SSR markers such as BM160 and BM183 as 
well as BMd09 and BMd6. In comparison to the reported map for P. vulgaris, these 
markers were also linked in the same groups, the first two belong to LG B07 and the final 
two to LG B04.  
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Mapping QTL for rust resistance  
 
The QTL analysis was performed using interval mapping (IM) for both AP and PA RIL 
populations. Initially the best QTL candidates were identified using the default threshold 
value LOD 3.0 (LR 11.5). Two potential candidates were identified in the AP population. 
The first one was located on the linkage group LG1 in position 18.5 cM (Figure 3) with a 
LOD 3.5 close to AFLP9. The second one, which was the most promising, was located 
on LG5 at 67.7 cM and it had a LOD of 20.1 close to BM189. To recalculate the 
threshold and to eliminate false positives or even to detect false negatives, 1000 
permutations were performed. The threshold value found was LOD 19.1 (LR 87.8). 
Therefore, the first candidate was discarded and the second one on LG5 was declared as a 
putative QTL, the distance to the closest marker BM189 [a tandem repeat of (CT)13] was 
14.5 cM (Figures 1 and 3). 
 
Two QTL candidates were identified in the PA population when the default LR threshold 
was used. The first candidate was located on LG2 at 87.4 cM and a LOD of 19.4 (LR 
90.6) between BM201 and AFLP42. The second candidate was located on LG9 at 8.9 cM 
and a LOD of 19.3 (LR 89.0) between SRAP65A and SRAP79A (Figure 4). To 
recalculate the LR threshold 1000 permutations were performed. A threshold value of 
LOD 22.5 (LR 103.8) was set and none of the QTL candidates were declared as a QTL 
for rust resistance.  
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DISCUSSION 
 
This is the first linkage map for an interspecific reciprocal cross between P. acutifolius 
and P, parvifolius. Tepary bean which belongs to the tertiary gene pool of P. vulgaris, 
has been reported to be a potential donor of important agronomic traits such as disease 
resistance and some abiotic factors (Federici et al., 1990; Miklas et al., 1998; Miklas and 
Stavely, 1998; Schuster et al., 1983; Urrea et al., 1999. Since introgression from P. 
acutifolius to P. vulgaris has been hard to achieve due to genetic incompatibilities, some 
strategies to accomplish this have been developed. For instance, interspecific crosses 
between P. acutifolius and P. parifolius which is also from the tertiary gene pool of 
common beans has been successfully crossed with P. vulgaris using embryo rescue 
(Broughton et al., 2003). The two RIL populations from a reciprocal interespecific cross 
used in this study (G40022 x G40186 and G40186 x G40022) was reported to have 
linked markers associated with Common Rust caused by Uromyces appendiculatus, 
Common Bacterial Blight caused by Xanthomonas axenopodis pv. phaseoli and Web 
Blight caused by Rhizoctonia solani, in bulk segregant analysis (Venegas, 2008). 
Venegas’ study revealed that P. acutifolius had a broad and effective rust resistance 
linked tightly to a marker (0.0cM). The linkage maps constructed in the present study 
allowed identifying the direction and segregation of a declared marker (BM189) linked to 
rust resistance in the QTL analysis. However, due to the distance between the marker and 
this putative QTL (14.5 cM), and a large gap between the two markers in which the 
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putative QTL is located (BM189 and SRAP72), more molecular markers are needed to 
saturate the map and be able to identify a marker at least 5 cM from the QTL.   
 
The segregation distortion exhibited with the molecular markers of both populations 
(20% of AP and 17% on PA RIL population) may be attributed to different causes. First, 
the deviation from Mendelian ratios toward either G40022 (P. acutifolius) or G40186 (P. 
parvifolius) were wide spread along the different marker types and linkage groups found 
on the initial map which contained distorted markers. The second type of segregation 
distortion found was represented by those markers distorted in the same direction. For 
instance, markers BMd33, BMd41, BMd47, SRAP52B, AFLP6 and AFLP19 were 
equally distorted in both AP and PA RIL populations and were oriented to G40186 (P. 
parvifolius). On this type of distortion only two markers AFLP18 and AFLP58A were 
oriented to G40022 (P. acutifolius) on both RIL populations. This has also been reported 
in other interspecific crosses as well as in crosses between Andean and Middle American 
beans (Koening and Gepts, 1989; Singh, 1995). 
 
Segregation distortion can also be attributed to the type of markers used and to the 
population used (Song et al, 2006). Generally, codominant markers are less affected by 
segregation distortion than dominant markers. In the results this was observed in PA 
population with only 13% distortion in the SSR and SRAPs, while AFLPs showed 19%. 
However, in the AP population the SSR distortion was greater than SRAP or AFLP. This 
could be due to typing errors or difficulties identifying polymorphisms. RIL populations 
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are also known to display extreme segregation distortion due to environmental effects and 
artificial selection over several generations in some breeding programs (Wang et al., 
2003).  
 
Interspecific crosses made to increase phenotypic variability and increase polymorphisms 
on a mapping population may result in genomic structure mutants such as chromosomal 
rearrangement and heterogeneous recombination favoring segregation distortion (Song et 
al., 2006). Other reasons for distortion include mutations within the binding sites for a 
DNA marker, pollen tube competition, gametic and zygotic selection, or interaction of 
different chromosomes during synapses in meiosis (Wu and Hammer, 1991). In P. 
acutifolius other segregation phenomena were found when incomplete dominance of a 
single gene conditioned rust resistance in tepary bean, deviating from the segregation 
ratio that is found when complete dominance of rust resistance genes is present in 
common bean (Grafton et al., 1985, Stavely, 1984).    
 
In the maps constructed for each RIL population, the number of linkage groups exceeded 
the number of chromosomes of P. vulgaris (n=11). The AP RIL population map was 
composed of 12 linkage groups while the AP map had 15 linkage groups. This could be 
attributed to the number of markers used in the final map; since there are not enough 
markers, larger gaps can be found and two small linkage groups actually can be part of 
the same linkage group. Therefore, more markers are needed to saturate the map, increase 
the accuracy and resolution of the linkage groups, reduce the number of linkage groups to 
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the haploid number of P. vulgaris and increase the chances of finding QTLs tightly 
linked to the markers. Alternatively, the size of the population can be increased to 
enhance the number of meiotic events and recombinations allowing the connection of 
small linkage groups (Song et al., 2006). 
The putative QTL found on the LG5 of the AP RIL at 67.7 cM with a LOD of 20.1 close 
to BM189 population, represents a step forward towards pyramiding rust resistance 
genes. The use of marker assisted selection in breeding could increase the chances of 
creating a more durable resistance complex against the highly variable rust pathogen. 
However, the size of the AP RIL population (75 RILs) used in the search of a QTL could 
be a factor in the underestimation of QTL numbers or overestimation of QTL effects. 
Therefore this linkage map should be saturated with more types of markers such as 
AFLP, SRAP and more SSRs as they become available to have greater confidence on the 
detection of QTLs as well as on the effect of cytoplasmic genes when comparing the 
reciprocal crosses used in this study. (Gomes et al., 2009). 
 
The importance of using reciprocal crosses in mapping populations takes into account 
differences between segregation distortion and recombination between male and female 
parents. Differences in recombination of these two populations can be exploited to 
improve map resolution. It seems like the putative QTL found on th LG5 was identified 
when P. acutifolius was used as female parent, therefore it should be confirmed if this 
particular QTL could be inherited through organelle DNA and to determine the 
contribution of cytoplasm interactions to the phenotypic variation of rust resistance. 
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Table 1. Number of primers evaluated on parents G40022 and G40186, and on RILs progeny of reciprocal crosses due to 
polymorphism; total number of amplified bands in progeny; and number and percentage of distorted markers on the progeny 
of G40022 x G40186 (AP) and G40186 x G40022 (PA) for three different molecular DNA markers (SSR, SRAP, AFLP). 
 *Sixty primers amplified on the progeny but only 30 consistent in both RIL populations (AP, PA) 
**Intense bands from the 30 consistent primer combinations
 Molecular DNA 
markers 
Primers 
Parents 
 Primers 
Progeny 
Total 
Bands 
Polymorphic 
Bands 
Distorted 
AP 
Distorted % 
AP 
Distorted 
PA 
Distorted % 
PA 
SSR 25 24 24 24 7 29 3 13 
SRAP 97 60/30* 150** 45 7 16 6 13 
AFLP 4 4 175 58 11 19 13 22 
Total 126 88 499 127 25 20 22 17 
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Table 2. Primer sequence of SRAP markers analyzed in parentals G40022 (P. 
acutifolius) and G40186 (P. parvifolius). 
Primer Sequence’ 
Me1 TGAGTCCAAACCGGAGC 
Me2 TGAGTCCAAACCGGATA 
Me3 TGAGTCCAAACCGGAAT 
Me4 TGAGTCCAAACCGGACC 
Me5 TGAGTCCAAACCGGAAG 
Me6 TGAGTCCAAACCGGACA 
Me7 TGAGTCCAAACCGGACG 
Me8 TGAGTCCAAACCGGACT 
Me9 TGAGTCCAAACCGGAGG 
Me10 TGAGTCCAAACCGGAAA 
Me11 TGAGTCCAAACCGGAAC 
Me12 TGAGTCCAAACCGGAGA 
Me13 TGAGTCCAAACCGGAAG 
Em1 GACTGCGTACGAATTAAT 
Em2 GACTGCGTACGAATTTGC 
Em3 GACTGCGTACGAATTGAC 
Em4 GACTGCGTACGAATTTGA 
Em5 GACTGCGTACGAATTAAC 
Em6 GACTGCGTACGAATTCAA 
Em7 GACTGCGTACGAATTGCA 
Em8 GACTGCGTACGAATTCAC 
Em9 GACTGCGTACGAATTCAG 
Em10 GACTGCGTACGAATTCAT 
Em11 GACTGCGTACGAATTCTA 
Em12 GACTGCGTACGAATTCTC 
Em13 GACTGCGTACGAATTCTG 
Em14 GACTGCGTACGAATTCTT 
Em15 GACTGCGTACGAATTGAT 
‘All primers are given in the 5’ to 3’ 
direction
  
 
Table 3. Code for SRAP primer combinations used in parents G40022 (P. acutifolius) and G40186 (P. parvifolius). 
  Me1 Me2 Me3 Me4 Me5 Me6 Me7 Me8 Me9 Me10 Me11 Me12 Me13 
Em1 SRAP1 SRAP2 SRAP3 SRAP4 SRAP5 SRAP6 SRAP7             
Em2 SRAP8 SRAP9 SRAP10 SRAP11 SRAP12 SRAP13 SRAP14             
Em3 SRAP15 SRAP16 SRAP17 SRAP18 SRAP19 SRAP20 SRAP21             
Em4 SRAP22 SRAP23 SRAP24 SRAP25 SRAP26 SRAP27 SRAP28             
Em5 SRAP29 SRAP30 SRAP31 SRAP32 SRAP33 SRAP34 SRAP35             
Em6 SRAP36 SRAP37 SRAP38 SRAP39 SRAP40 SRAP41 SRAP42             
Em7 SRAP43 SRAP44 SRAP45 SRAP46 SRAP47 SRAP48 SRAP49             
Em8 
              SRAP50 SRAP51 SRAP52 SRAP53 SRAP54 SRAP55 
Em9 
              SRAP56 SRAP57 SRAP58 SRAP59 SRAP60 SRAP61 
Em10 
              SRAP62 SRAP63 SRAP64 SRAP65 SRAP66 SRAP67 
Em11 
              SRAP68 SRAP69 SRAP70 SRAP71 SRAP72 SRAP73 
Em12 
              SRAP74 SRAP75 SRAP76 SRAP77 SRAP78 SRAP79 
Em13 
              SRAP80 SRAP81 SRAP82 SRAP83 SRAP84 SRAP85 
Em14 
              SRAP86 SRAP87 SRAP88 SRAP89 SRAP90 SRAP91 
Em15 
              SRAP92 SRAP93 SRAP94 SRAP95 SRAP96 SRAP97 
*Bold Primer combinations indicate polymorphisms on parentals and consistent band pattern along the progeny. 
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Table 4. Properties of microsatellites* amplified in 75 RILs from G40022 x G40186 and 73 RILs from its reciprocal cross, Chi-
squared test performed for 1:1 expected segregation, location of marker on P. vulgaris map and accession number on 
GeneBank. 
SSR 
code 
Primer Sequence' T°m 
Size 
bp 
ChiSq 
AP** 
ChiSq 
PA** 
LG  
P.vulgaris 
GeneBank 
BM139 ACTGTAGCTCAAACAGGGCAC 50 115 0.633 0.446 B02 AF483857 
 
TTAGCAATACCGCCATGAGAG 
      
BM142 AGCCCGTTCCTTCGTTTAG 55 157 0.729 0.725 - - 
 
TTCCGCTGATTGGATATTAGAG 
      
BM151 TTATGTATTAGACCACATTACTTCC 50 153 0.725 0.204 - - 
 
CACAACAAGAAAGACCTCCT 
      
BM154 CTGAATCTGAGGAACGATGACCAG 50 218 0.906 0.264 B09 AF483870 
 
TCTTGCGACCGAGCTTCTCC 
      
BM157 GTTAATTGTTTCCAATATCAACCTG 52 113 0.000 0.346 B01/10 AF483873 
 
ACTTAACAAGGAATAGCCACACA 
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SSR 
code 
Primer Sequence' T°m 
Size 
bp 
ChiSq 
AP** 
ChiSq 
PA** 
LG  
P.vulgaris 
GeneBank 
BM159 GGGAGATGTGGTAAGATAATGAAA 52 198 0.001 0.413 B03 AF483875 
 
GGTGCTGTTGCTGCTGTTAT 
      
BM160 CGCGGTTCTGATCGTGACTTC 52 211 0.908 0.264 B07 AF483876 
 
CGTGCTTGGCGAATAGCTTTG 
      
BM172 GCAATACCGCCATGAGAGAT 50 107 0.075 0.026 B03 AF483884 
 
CTGTAGCTCAAACAGGGCACT 
      
BM181 TGAGGAGCAAACAGATGAGG 50 192 0.001 0.292 B03 AF483887 
 
ATGCTGCGAGTTAATGATCG 
      
BM183 TCTTACAGCCTTGCAGACATC 52 149 0.197 0.118 B07 AF483888 
 
CTCAAATCTATTCACTGGTCAGC 
      
BM189 GCGCCAAGTGAAACTAAGTAGA 50 114 0.722 0.292 - - 
 
CTCCCACTCTCACCCTCACT 
      
BM197 CCCAGAAGATTGAGAACACCAC 54 201 0.013 0.633 B03 AF483895 
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SSR 
code 
Primer Sequence' T°m 
Size 
bp 
ChiSq 
AP** 
ChiSq 
PA** 
LG  
P.vulgaris 
GeneBank 
 
TGGACTGGTCGATACGAAGC 
      
BM201 TGTCACCTCTCTCCTCCAAT 50 102 0.285 0.079 B07 AF483898 
 
TGGTGCTACAGACTTGATGG 
      
BMd01 CAAATCGCAACACCTCACAA 47 165 0.000 0.725 B03 X96999 
 
GTCGGAGCCATCATCTGTTT 
      
BMd09 TATGACACCACTGGCCATACA 47 135 0.339 0.535 B04 X06336 
 
CACTGCGACATGAGAGAAAGA 
      
BMd11 GCTCAACATTCCAGAGGCTAA 47 161 0.157 0.159 UnL AZ044955 
 
TCAAACCTACATAAATAAAACAAAACA 
      
BMd12 CATCAACAAGGACAGCCTCA 47 167 0.225 0.811 B06 AZ044945 
 
GCAGCTGGCGGTAAAACAG 
      
BMd16 ATGACACCACTGGCCATACA 47 136 0.146 0.611 B04 K03289 
 
GCACTGCGACATGAGAGAAA 
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SSR 
code 
Primer Sequence' T°m 
Size 
bp 
ChiSq 
AP** 
ChiSq 
PA** 
LG  
P.vulgaris 
GeneBank 
BMd17 GTTAGATCCCGCCCAATAGTC 47 116 0.067 0.722 B02 U77935 
 
AGATAGGAAGGGCGTGGTTT 
      
BMd20 GTTGCCACCGGTGATAATCT 47 123 0.714 0.071 B05 X74919 
 
GTGAGGCAAGAAGCCTTCAA 
      
BMd33 TACGCTGTGATGCATGGTTT 47 118 0.000 0.000 B10 AZ301561 
 
CCTGAAAGTGCAGAGTGGTG 
      
BMd36 CATAACATCGAAGCCTCACAGT 47 110 0.642 0.806 B03 AY298744 
 
ACGTGCGTACGAATACTCAGTC 
      
BMd41 CAGTAAATATTGGCGTGGATGA 47 164 0.000 0.000 B10 AZ301561 
 
TGAAAGTGCAGAGTGGTGGA 
      
BMd47 ACCTGGTCCCTCAAACCAAT 47 250 0.000 0.000 B02 AF350505 
 
ACCTGGTCCCTCAAACCAAT 
      
*All microsattelites are given in the 5’ to 3’ direction; **Chi Sq test for 1:1 ratio (P>0.01); LG: Linkage group 
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Table 5. Properties of SRAPs amplified in 75 RILs from G40022 x G40186 and 73 
RILs from its reciprocal cross, Chi-squared test performed for 1:1 expected 
segregation 
SRAP Primer Sequence' ChiSq AP* ChiSq PA* 
SRAP03A Me-AGC/Em-GAC 0.05 0.20 
SRAP03B Me-AGC/Em-GAC 0.03 0.00 
SRAP03C Me-AGC/Em-GAC 0.01 0.13 
SRAP08 Me-ATA/Em-AAT 0.00 0.01 
SRAP09 Me-ATA/Em-TGC 0.42 0.73 
SRAP10A Me-ATA/Em-GAC 0.73 0.73 
SRAP10B Me-ATA/Em-GAC 0.08 0.08 
SRAP11 Me-ATA/Em-TGA 0.73 0.00 
SRAP12 Me-ATA/Em-AAC 0.02 0.41 
SRAP13A Me-ATA/Em-CAA 0.91 0.20 
SRAP13B Me-ATA/Em-CAA 0.20 0.73 
SRAP14A Me-ATA/Em-GCA 0.02 0.13 
SRAP14B Me-ATA/Em-GCA 0.56 0.05 
SRAP20 Me-AAT/Em-CAA 0.42 0.20 
SRAP28 Me-ACC/Em-GCA 0.56 0.01 
SRAP50 Me-ACT/Em-CAC 0.02 0.20 
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SRAP Primer Sequence' ChiSq AP* ChiSq PA* 
SRAP52A Me-ACT/Em-CAT 0.03 0.29 
SRAP52B Me-ACT/Em-CAT 0.00 0.00 
SRAP52C Me-ACT/Em-CAT 0.00 0.29 
SRAP59 Me-AGG/Em-CAG 0.13 0.20 
SRAP60 Me-AGG/Em-CAT 0.30 0.41 
SRAP61 Me-AGG/Em-CTA 0.02 0.20 
SRAP64A Me-AGG/Em-CTT 0.13 0.00 
SRAP64B Me-AGG/Em-CTT 0.56 0.08 
SRAP65A Me-AGG/Em-GAT 0.42 0.13 
SRAP65B Me-AGG/Em-GAT 0.73 0.73 
SRAP66 Me-AAA/Em-CAC 0.73 0.20 
SRAP67 Me-AAA/Em-CAG 0.03 0.41 
SRAP68 Me-AAA/Em-CAT 0.56 0.01 
SRAP69A Me-AAA/Em-CTA 0.30 0.13 
SRAP69B Me-AAA/Em-CTA 0.73 0.13 
SRAP70A Me-AAA/Em-CTC 0.20 0.05 
SRAP70B Me-AAA/Em-CTC 0.00 0.91 
SRAP70C Me-AAA/Em-CTC 0.01 0.41 
SRAP71A Me-AAA/Em-CTG 0.42 0.29 
SRAP71b Me-AAA/Em-CTG 0.30 0.91 
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SRAP Primer Sequence' ChiSq AP* ChiSq PA* 
SRAP72 Me-AAA/Em-CTT 0.03 0.91 
SRAP73 Me-AAA/Em-GAT 0.42 0.00 
SRAP75 Me-AAC/Em-CAG 0.13 0.20 
SRAP77 Me-AAC/Em-CTA 0.30 0.03 
SRAP79A Me-AAC/Em-CTG 0.00 0.73 
SRAP79B Me-AAC/Em-CTG 0.56 0.73 
SRAP81 Me-AAC/Em-GAT 0.03 0.73 
SRAP88A Me-AGA/Em-CTT 0.30 0.91 
SRAP88B Me-AGA/Em-CTT 0.42 0.13 
' All primer sequences are given in the 5’ to 3’ direction  
*Chi Sq test for 1:1 ratio (P>0.01) 
 
 
 
 
 
 
 
 
 
126 
 
 
Table 6. Properties of AFLPs amplified in 75 RILs from G40022 x G40186 and 73 
RILs from its reciprocal cross, Chi-squared test performed for 1:1 expected 
segregation. 
AFLP Primer Sequence' Size bp ChiSq AP* ChiSq PA* 
AFLP1 E-AGG/M-CTT 200 0.08 0.33 
AFLP2 E-AGG/M-CTT 185 0.01 0.81 
AFLP3 E-AGG/M-CTT 175 0.29 1.00 
AFLP4 E-AGG/M-CTT 170 0.91 0.23 
AFLP5 E-AGG/M-CTT 155 0.05 0.47 
AFLP6 E-AGG/M-CTT 140 0.00 0.02 
AFLP7 E-ACC/M-CTA 320 0.01 0.63 
AFLP8 E-ACC/M-CTA 310 0.73 0.09 
AFLP9 E-ACC/M-CTA 240 0.05 0.63 
AFLP10 E-ACC/M-CTA 200 0.05 0.15 
AFLP11 E-ACC/M-CTA 120 0.08 0.23 
AFLP12 E-ACC/M-CTA 110 0.01 0.81 
AFLP13 E-ACC/M-CTA 40 0.08 0.09 
AFLP14 E-AAG/M-CTC 220 0.41 0.03 
AFLP15 E-AAG/M-CTC 200 0.08 1.00 
AFLP16 E-AAG/M-CTC 190 0.73 0.00 
AFLP17 E-AAG/M-CTC 170 0.08 0.01 
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AFLP Primer Sequence' Size bp ChiSq AP* ChiSq PA* 
AFLP18 E-AAG/M-CTC 160 0.00 0.00 
AFLP19 E-AAG/M-CTC 155 0.00 0.00 
AFLP20 E-AAG/M-CTC 130 0.73 0.05 
AFLP21 E-AAG/M-CTC 110 0.13 0.63 
AFLP22 E-ACA/M-CAT 300 0.13 0.63 
AFLP23 E-ACA/M-CAT 280 0.91 0.00 
AFLP24 E-ACA/M-CAT 245 0.91 0.33 
AFLP25 E-ACA/M-CAT 215 0.20 0.02 
AFLP26 E-ACA/M-CAT 180 0.20 0.15 
AFLP27 E-ACA/M-CAT 150 0.13 0.00 
AFLP28 E-ACA/M-CAT 145 0.29 0.15 
AFLP29 E-ACA/M-CAT 125 0.29 0.00 
AFLP30 E-ACA/M-CAT 110 0.56 0.03 
AFLP31 E-ACA/M-CAT 105 0.13 0.05 
AFLP32 E-AGG/M-CTT 195 0.01 0.00 
AFLP33 E-AGG/M-CTT 190 0.00 0.05 
AFLP34 E-AGG/M-CTT 180 0.56 0.03 
AFLP35 E-AGG/M-CTT 165 0.08 0.00 
AFLP36 E-AGG/M-CTT 160 0.41 0.02 
AFLP37 E-AGG/M-CTT 150 0.00 0.00 
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AFLP Primer Sequence' Size bp ChiSq AP* ChiSq PA* 
AFLP38 E-AGG/M-CTT 110 0.00 0.15 
AFLP39 E-ACC/M-CTA 330 0.08 0.23 
AFLP40 E-ACC/M-CTA 300 0.08 0.09 
AFLP41 E-ACC/M-CTA 90 0.13 0.15 
AFLP42 E-ACC/M-CTA 75 0.56 0.09 
AFLP43 E-ACC/M-CTA 50 0.29 0.00 
AFLP44 E-AAG/M-CTC 240 0.01 0.81 
AFLP45 E-AAG/M-CTC 230 0.91 0.15 
AFLP46 E-AAG/M-CTC 215 0.08 0.02 
AFLP47 E-AAG/M-CTC 210 0.41 0.03 
AFLP48 E-AAG/M-CTC 175 0.20 0.00 
AFLP49 E-AAG/M-CTC 120 0.73 0.81 
AFLP50 E-ACA/M-CAT 290 0.01 0.05 
AFLP51 E-ACA/M-CAT 265 0.29 0.47 
AFLP52 E-ACA/M-CAT 260 0.00 0.05 
AFLP53 E-ACA/M-CAT 240 0.41 0.63 
AFLP54 E-ACA/M-CAT 210 0.56 1.00 
AFLP55 E-ACA/M-CAT 130 0.41 0.33 
AFLP56 E-ACA/M-CAT 120 0.00 0.33 
AFLP57 E-ACA/M-CAT 95 0.56 0.02 
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AFLP Primer Sequence' Size bp ChiSq AP* ChiSq PA* 
AFLP58 E-ACA/M-CAT 90 0.00 0.00 
' All primers are given in the 5’ to 3’ direction *Chi Sq test for 1:1 ratio (P>0.01) 
  
 
Table 7.  Linkage groups (LG) for  G40022xG40183 (AP) RIL population using SSRs, SRAPs and AFLPs. LOD 3.0, maximum 
distance 37.2 
LG1   LG2   LG3   LG4   LG5   LG6   
Marker Distance 
cM 
Marker Distance 
cM 
Marker Distance 
cM 
Marker Distance 
cM 
Marker Distance 
cM 
Marker Distance 
cM 
BM142 18.5 SRAP14A 11.7 AFLP11 16.5 BM160 2.6 AFLP35 4.5 AFLP7 28.9 
AFLP9 13.1 SRAP60 14.3 BM154 10.4 BM183 0.0 AFLP36 3.7 AFLP55 13.2 
BMd17 6.7 AFLP10 18.5 AFLP26 14.4 AFLP34 11.0 AFLP51 9.0 
SRAP61 13.2 BM151 0.0 AFLP16 15.7 AFLP43 7.1 AFLP48 10.0 
AFLP31 0.0 AFLP14 28.9 AFLP20 17.0 AFLP45 11.0 
AFLP53 0.0 SRAP72 38.4 SRAP13A 11.4 
BM189 9.5 SRAP03B 24.0 
BMd36 23.9 AFLP4 10.0 
SRAP77 15.1 AFLP3 10.0 
BM197 16.5 AFLP22 9.0 
AFLP27 15.7 AFLP17 3.7 
AFLP23 0.0 AFLP21 11.0 
AFLP39 14.5 
SRAP09 15.1 
SRAP70A 0.0 
Total  51.5   44.5   86.0   2.6   162.3   180.8 
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Table 7.  Continue. 
 
 
LG7   LG8   LG9   LG10   LG11   LG12   
Marker Distance 
cM 
Marker Distance 
cM 
Marker Distance 
cM 
Marker Distance 
cM 
Marker Distance 
cM 
Marker Distance 
cM 
BMd09 0.8 AFLP5 19.5 SRAP79B 20.5 SRAP81 23.2 SRAP28 13.2 SRAP69A 17.7 
BMd16 0.0 BMd11 6.7 SRAP65B 15.1 AFLP50 18.5 AFLP47 0.0 SRAP69B 0.0 
BMd12 21.2 SRAP11 14.4 SRAP14B 17.7 
AFLP30 0.0 AFLP40 0.7 SRAP20 9.6 
AFLP41 11.0 SRAP68 8.7 
AFLP8 0.0 SRAP13B 0.0 
 Total 0.8   47.4   61.7   77.7   13.2   17.7 
 
Total cumulative map length 746cM 
Average linkage group length 62.2 cM 
Average distance between markers 11.3cM 
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Table 8. Linkage groups (LG) for G40186 x G40022 (PA) RIL population using SSRs, SRAPs and AFLPs. LOD 3.0, maximum 
distance 37.2 
LG1   LG2   LG3   LG4   LG5   
Marker Distance cM Marker Distance cM Marker Distance cM Marker Distance cM Marker Distance cM 
BM139 18.1 AFLP45 7.7 BM154 11.2 BM159 14.0 BM160 13.9 
BM172 0.0 AFLP51 2.3 AFLP26 10.9 BM197 9.5 BM183 0.0 
AFLP55 3.1 AFLP53 18.8 BM181 13.2 
AFLP7 14.5 AFLP15 0.0 BMd01 0.0 
SRAP13A 35.2 
AFLP42 50.0 
BM201 28.9 
SRAP52C 190.0 
BM142 15.7 
SRAP03C 18.8 
AFLP9 26.0 
AFLP31 0.0 
Total 18.1   392.3   40.9   36.7   13.9 
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Table 8. Continue 
 
LG6   LG7   LG8   LG9   LG10   
Marker Distance cM Marker Distance cM Marker Distance cM Marker Distance cM Marker Distance cM 
BMd09 9.7 BMd12 12.6 SRAP72 26.2 SRAP65A 17.0 SRAP13B 19.9 
BMd16 0.0 BMd11 18.2 AFLP39 10.9 SRAP79A 7.1 SRAP68 0.0 
AFLP5 13.2 AFLP44 4.0 SRAP79B 7.8 
AFLP11 17.3 AFLP3 4.9 AFLP40 2.3 
AFLP1 33.1 AFLP22 10.9 AFLP41 16.2 
AFLP12 4.0 AFLP21 16.0 SRAP10A 0.0 
AFLP24 10.9 SRAP70A 28.2 
AFLP10 5.8 AFLP34 2.3 
AFLP8 8.7 AFLP36 13.3 
SRAP14A 0.0 AFLP20 0.0 
Total 9.7   123.8   116.6   50.4   19.9 
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Table 8. Continue. 
 
LG11   LG12   LG13   LG14   LG15   
Marker Distance 
cM 
Marker Distance 
cM 
Marker Distance 
cM 
Marker Distance 
cM 
Marker Distance 
cM 
AFLP56 8.7 
SRAP70
C 17.0 
SRAP71
A 14.5 AFLP6 15.9 
AFLP5
2 15.9 
AFLP50 13.3 SRAP81 0.0 AFLP2 0.0 
AFLP2
8 0.0 
AFLP5
4 0.0 
SRAP14
B 13.3 
AFLP57 0.0 
Total 35.2   17.0   14.5   15.9   15.9 
 
Total cumulative map length 920.8 cM 
Average linkage group length 61.38 cM 
Average distance between markers 14.0 cM 
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Figure 1. Linkage map for 
SRAPs and AFLPs. LOD 3.0, maximum distance 37.2
 
 
 
 
 
 
 G40022xG40183 (AP) RIL population using SSRs, 
 
135 
 
  
Figure 2. Linkage map of 
SRAPs and AFLPs. LOD 3.0, maximum distance 37.2
 
 
 G40022xG40183 (PA) RIL population using SSRs, 
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Figure 3. QTL analysis f
population map, constructed with SSRs, SRAPs and AFLPs. LOD score threshold 
set at 19.1. (LR 87.8) by 1000 permutations
axis represent the LOD score.
or each linkage group of G40022xG40183 (AP)
. X axis represent distance in cM and Y
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Figure 3. Continue. 
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Figure 4. QTL analysis for
population map constructed with SSRs, SRAPs and AFLPs. LOD score threshold 
set at 22.5. (LR 103.8) by 1000 permutations
axis represent the LOD score.
 each linkage group of G40183 x G40022
. X axis represent distance in cM and Y
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Figure 4. Continue. 
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TABLE A1. Rust evaluation of the RIL population G40022 x G40186 with rust race 
DR07-1-4. (Data provided by Venegas, 2008) 
 
Rust (uredinia) scale 
 
    
aNo. bLine 1st. Rep. 2nd. Rep. 3rd. Rep. 
 
1 76 c4,3 4,3 4,3 
2 38 4,3 4,3 4,3 
3 17 4,3 4,3 4,3 
4 43 1 1 1 
5 UI-114 6,5,4 6,5,4 6,5,4 
6 70 4,3 1 1 
7 51 4,3 4,3 4,3 
8 84 1 1 1 
9 28 1 1 1 
10 40 4,3 4,3 4,3 
11 67 4,3 4,3 4,3 
12 64 1 1 1 
13 G 40186 4,3 4,3 4,3 
14 23 4,3 1 1 
15 59 1 1 1 
16 G 40022 1 1 1 
17 78 4,3 4,3 4,3 
18 50 1 1 1 
19 61 4,3 4,3 4,3 
20 53 4,3 4,3 4,3 
21 18 1 1 1 
22 77 1 4,3 4,3 
23 13 4,3 4,3 4,3 
24 72 1 1 1 
25 60 4,3 4,3 4,3 
26 15 4,3 4,3 4,3 
27 G 40022 1 1 1 
28 57 4,3 4,3 4,3 
29 P114 6,5,4 6,5,4 6,5,4 
30 G 40186 4,3 4,3 4,3 
31 62 1 1 1 
32 24 4,3 4,3 4,3 
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Table A1. Continue. 
Rust (uredinia) scale 
 
     
aNo. bLine 1st. Rep. 2nd. Rep. 3rd. Rep. 
 
33 85 1 1 1 
34 16 4,3 4,3 4,3 
35 5 5,4,3 4,3 4,3 
36 10 4,3 4,3 4,3 
37 26 4,3 4,3 4,3 
38 74 4,3 1 1 
39 12 4,3 4,3 4,3 
40 44 4,3 4,3 4,3 
41 49 1 1 1 
42 79 4,3 4,3 4,3 
43 3 1 1 1 
44 75 4,3 4,3 4,3 
45 56 4,3 4,3 4,3 
46 55 4,3 4,3 4,3 
47 22 4,3 4,3 4,3 
48 8 1 4,3 1 
49 82 1 1 1 
50 20 4,3 4,3 4,3 
51 48 1 1 1 
52 42 4,3 4,3 4,3 
53 7 4,3 4,3 1 
54 G 40022 1 1 1 
55 31 1 1 1 
56 4 1 1 1 
57 37 1 1 1 
58 47 4,3 4,3 4,3 
59 19 1 1 1 
60 G 40186 4,3 4,3 4,3 
61 83 1 1 1 
62 30 1 1 1 
63 9 4,3 4,3 4,3 
64 45 4,3 4,3 4,3 
65 1 4,3 4,3 4,3 
66 11 1 1 1 
67 52 1 4,3 4,3 
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Table A1. Continue. 
 
Rust (uredinia) scale 
 
     
aNo. bLine 1st. Rep. 2nd. Rep. 3rd. Rep. 
 
68 UI-114 6,5,4 6,5,4 M 
69 33 4,3 4,3 4,3 
70 36 1 1 1 
71 81 4,3 4,3 4,3 
72 14 1 1 1 
73 63 4,3 4,3 4,3 
74 80 4,3 4,3 4,3 
75 21 4,3 4,3 4,3 
76 66 1 4,3 1 
77 65 1 1 1 
78 46 4,3 4,3 4,3 
79 68 4,3 4,3 4,3 
80 UI-114 6,5,4 6,5,4 6,5,4 
81 58 4,3 4,3 4,3 
82 34 4,3 4,3 4,3 
83 29 4,3 1 4,3 
84 35 4,3 1 1 
85 39 4,3 4,3 4,3 
86 25 1 1 1 
87 G 40186 4,3 4,3 4,3 
88 G 40022 1 1 1 
89 41 4,3 4,3 4,3 
90 54 4,3 4,3 4,3 
91 71 1 1 1 
C1 VAX 3 1 1 1 
C2 VAX 6 1 1 1 
 
 
a
 Number of RILs in the experiment 
b
 RIL, parents, and comtrols. 
c
 Rust reaction grades: 1 – 3 = resistant, grade 3,4 – 6 = susceptible  
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Table A2.  Rust evaluation of the RIL population G40186 x G40022 with rust race 
DR07-1-4. (Data provided by Venegas, 2008) 
Rust (uredinia) scale 
 
     
aNo.    bLine                 1st. Rep.                 2nd. Rep.            
3rd. Rep.  
 
1 8 c1 1 1 
2 2 4,3 4,3 4,3 
3 34 1 1 1 
4 68 4 4,3 4,3 
5 51 1 4,3 4,3 
6 12 4,3  4,3 4,3 
7 71 1 1 1 
8 41 4 4,3 4,3 
9 42 4,3 4,3 4,3 
10 G 40022 1 1 1 
11 10 4,3 4,3 4,3 
12 14 4,3 4,3 4,3 
13 72 4,3 4,3 4,3 
14 31 1 1 1 
15 7 4,3 4,3 4,3 
16 79 4,3 4,3 4,3 
17 64 1 1 1 
18 4 1 1 1 
19 G 40186 4,3 4,3 1 
20 59 1 1 1 
21 90 4,3 4,3 4,3 
22 UI-114 6,5,4 6,5,4 6,5,4 
23 39 1 1 4,3 
24 16 4,3 4,3 4,3 
25 54 1 1 1 
26 18 1 1 1 
27 25 4,3 4,3 4,3 
28 74 1 1 1 
29 60 4,3 4,3 4,3 
30 45 4,3 4,3 4,3 
31 29 4,3 4,3 4,3 
32 44 4 4 4,3 
33 30 1 1 1 
145 
 
 
Table A2 (continued). 
 
Rust (uredinia) scale 
 
aNo. bLine 1st. Rep. 2nd. Rep. 3rd. Rep. 
 
34 35 1 1 1 
35 G 40186 4,3 4,3 4,3 
36 53 1 1 1 
37 87 1 1 1 
38 46 4,3 5,4 4,3 
39 UI-114 6,5,4 6,5,4 6,5,4 
40 83 4,3 4,3 1 
41 13 4,3 4,3 4,3 
42 78 4,3 4,3 4,3 
43 66 4,3 4,3 4,3 
44 20 4,3 4,3 4,3 
45 67 1 1 1 
46 85 4,3 4,3 1 
47 80 4,3 4,3 4,3 
48 G 40022 1 1 1 
49 43 4,3 4,3 1 
50 G 40022 1 1 1 
51 88 1 1 1 
52 19 4,3 4,3 4,3 
53 23 4,3 4,3 4,3 
54 32 4,3 4,3 4,3 
55 62 4,3 4,3 4,3 
56 84 4,3 4,3 4,3 
57 69 5,4,3 5,4,3 4,3 
58 86 4,3 4,3 4,3 
59 11 4,3 4,3 4,3 
60 47 4,3 4,3 4,3 
61 52 1 1 1 
62 5 4,3 4,3 4,3 
63 81 4,3 4,3 4,3 
64 65 1 1 1 
65 G 40186 4,3 4,3 4,3 
66 56 4,3 4,3 4,3 
67 57 4,3 4,3 4,3 
68 55 3,2 3,2 1 
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Table A2 (continued). 
 
Rust (uredinia) scale 
 
aNo. bLine 1st. Rep. 2nd. Rep. 3rd. Rep. 
 
69 9 1 1 1 
70 UI-114 6,5,4 6,5,4 6,5,4 
71 6 5,4,3 4,3 4,3 
72 76 4,3  4,3 4,3 
73 40 4,3  4,3 4,3 
74 26 4,3  4,3 4,3 
75 3 4,3  4,3 4,3 
76 82 1 1 1 
77 UI-114 6,5,4 6,5,4 6,5,4 
78 77 4 1 1 
79 37 4,3 4,3 4,3 
80 24 1 1 1 
81 91 4,3 1 1 
82 75 1 1 1 
83 89 1 1 1 
84 61 4,3 2 1 
85 1 4,3 4,3 4,3 
86 36 1 1 1 
87 G 40022 1 1 1 
88 15 4,3 4,3 4,3 
89 22 1 1 1 
90 49 1 1 1 
91 G 40186 4,3 4,3 4,3 
92 27 4,3 4,3 4,3 
93 50 4,3 4,3 4,3 
94 58 4,3 4,3 4,3 
95 70 4,3 4,3 4,3 
C 1 VAX 3 1 1 1 
C 2 VAX 6 1 1 1 
 
 
a
 Number of RILs in the experiment 
b
 RIL, parents, and controls. 
c
 Rust reaction grades: 1 – 3 = resistant, grade 3,4 – 6 = susceptible 
